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ABSTRACT 
 
Sulfide saturation during the magmatic evolution of porphyry systems is emerging as an 
important control on the fertility of magmas with respect to the chalcophile elements. 
Platinum group elements (PGE) have extreme sulfide melt-silicate melt partition 
coefficients that make them sensitive indicators of the timing of sulfide saturation in 
evolving magmatic systems. This study reports PGE and Re concentrations, measured 
using a NiS fire assay isotope dilution technique, of three igneous suites: 1) the El Abra 
porphyry Cu deposit, Chile; 2) the Grasberg-Ertsberg porphyry-skarn Cu-Au district, 
Papua, Indonesia: and 3) Mt. Taranaki, a young stratovolcano in New Zealand. The El 
Abra and Grasberg samples allow direct comparison between a Cu-only and a Cu-Au 
porphyry system, whereas, Mt. Taranaki samples were analysed to investigate sulfide 
saturation in an active magmatic system with no known associated porphyry deposit. 
The El Abra results show a rapid drop in Pt and Pd abundances, which is indicative of 
sulfide saturation, at ca. 2.5 wt. % MgO. However, at El Abra a porphyry Cu deposit 
was still able to form because the amount of sulfide melt that formed was small, 
stripping the magma of Au and PGE but not significant Cu.  In contrast the Grasberg 
PGE results suggest that sulfide saturation did not occur during magmatic evolution of 
the intrusions, and so Cu, Au, and PGE were concentrated by fractional crystallisation 
and then partitioned into the mineralising fluid.  Sulfide saturation has a first order 
influence on both the availability of the chalcophile elements to partition into the 
hydrothermal ore-fluid phase and the type of porphyry mineralisation that forms, i.e. 
Cu, Cu-Au, or Cu-Au-(Pd). The PGE concentrations of the Mt. Taranaki samples 
indicate that sulfide saturation occurred at ca. 4 wt. % MgO during the evolution of the 
Taranaki magmatic system. If sulfide saturation of the developing Taranaki magmas 
persists with each new magmatic episode then the oxidation state of the magmas, the 
amount of sulfide melt that forms, and the timing with respect to saturation of volatile 
phases will influence any future porphyry mineralisation. 
To compliment the PGE analyses of the Grasberg-Ertsberg samples, Th disequilibrium 
corrected 238U-206Pb ages of zircons from the intrusions were determined by laser 
ablation inductively coupled plasma mass spectrometry. The ages range from 2.8 to 3.6 
Ma and indicate that the duration of magmatism of the Grasberg-Ertsberg intrusions was 
ca. 730 ± 50 k.y. 
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CHAPTER 1. INTRODUCTION 
 
1.1 PLATINUM GROUP ELEMENTS 
The Platinum Group Elements (PGE), comprising Ru, Rh, Pd, Os, Ir, and Pt, are both 
strongly siderophile (i.e. have an affinity for iron) and chalcophile (i.e. have an affinity 
for sulfur) elements. Their most significant use is as automobile exhaust catalysts but 
they are also used as catalysts in other industrial applications and in jewellery. Rhenium 
is often included with PGE studies owing to their similar physical and chemical 
characteristics. Their distinctive chemical properties and behaviour make them ideal 
trace elements to analyse in studies of magmatic processes but their very low abundance 
on Earth has, until recently, prevented detailed study of PGE in rocks where their 
concentrations have been at the sub-ppb level. Improvements in analytical techniques of 
these elements at very low concentration (Ravizza and Pyle, 1997; Setiabudi et al., 
2007; Park et al., 2012a) now allow the study of PGE and Re abundances in rocks of 
intermediate to felsic compositions. 
 The siderophile and chalcophile nature of the PGE and their behaviour in the 
mantle and mafic rock associations has been studied extensively compared to 
investigations of PGE in felsic rocks, principally because of the greater abundances of 
PGE in mafic rocks and their economic association with mafic and ultramafic suites. 
The association of PGE with sulfides in hydrothermal mineralisation, specifically 
porphyry systems, has been recognised through the analysis of sulfide concentrates 
(Economou-Eliopoulos, 2005, and references therein). It is only recently that PGE 
concentrations in intermediate-felsic rocks have been studied in detail (e.g. Setiabudi et 
al., 2007; Park et al., 2012b; Park et al., 2013a; Park et al., 2013b; Park et al., 2015). 
1.1.1 PGE and Re behaviour from mantle to crust 
Platinum group minerals (PGM), PGE alloys, sulfide phases, olivine, and Cr-spinels can 
influence PGE behaviour to varying degrees during partial melting and crystal 
fractionation (Keays and Campbell, 1981; Mitchell and Keays, 1981; Barnes et al., 
1985; Capobianco and Drake, 1990; Barnes, 1993; Barnes and Picard, 1993; 
Capobianco et al., 1994; Handler and Bennett, 1999; Lorand et al., 1999; Rehkämper et 
al., 1999; Alard et al., 2000; Ballhaus and Sylvester, 2000; Lorand and Alard, 2001; 
Luguet et al., 2001; Fiorentini et al., 2004; Luguet et al., 2004; Peregoedova et al., 2004; 
Righter et al., 2004; Brenan et al., 2005; Mungall et al., 2005; Luguet et al., 2007; 
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Barnes and Fiorentini, 2008; Lorand et al., 2008; Pitcher et al., 2009; Lorand et al., 
2010; Brenan et al., 2012; Park et al., 2012a; Mungall and Brenan, 2014). In the absence 
of PGE alloys, sulfides or chromites, IPGE (Os, Ir, Ru) typically partition into mantle 
assemblages of olivine, pyroxenes and spinels during mantle melting whereas PPGE 
(Rh, Pt, Pd) typically partition into silicate liquids, though Pt may be compatible in 
clinopyroxene and Rh in spinel (Righter et al., 2004; Brenan et al., 2005; Mungall, 
2005; Barnes et al., 2015). In oxidised magmas IPGE and Rh partition into spinels, 
particularly Cr-spinels, which can also contain PGE alloys (e.g. Pt-Fe alloys) as 
inclusions (Capobianco and Drake, 1990; Capobianco et al., 1994; Park et al., 2012a). 
Chromite is an important host to PGM and PGE-alloys and chromite crystal growth can 
lead to alloy saturation by generating localised reduced conditions at the chromite 
crystal boundary (Finnigan et al., 2008; Brenan et al., 2012). Laurite (RuS2) and PGE 
alloys can also precipitate directly from melts (Brenan and Andrews, 2001; Andrews 
and Brenan, 2002a). However, sulfide liquid, where present, has the strongest control 
over PGE concentrations (Barnes et al., 2015). 
 Sulfide melt-silicate melt partition coefficients for PGE have been reported on 
the order of 103 to greater than 107 (Campbell and Barnes, 1984; Stone et al., 1990; 
Fleet et al., 1991; Crocket et al., 1992; Bezmen et al., 1994; Fleet et al., 1996; Crocket 
et al., 1997; Vogel and Keays, 1997; Fleet et al., 1999; Rehkämper et al., 1999; 
Andrews and Brenan, 2002b; Sattari et al., 2002; Pruseth and Palme, 2004; Fonseca et 
al., 2009; Mungall and Brenan, 2014), whereas for Au they vary from 103 to 104 and for 
Cu from 102 to 103 (Francis, 1990; Peach et al., 1990; Crocket et al., 1992; Bezmen et 
al., 1994; Crocket et al., 1997; Gaetani and Grove, 1997; Ripley et al., 2002; Mungall 
and Brenan, 2014). These values are dependent on physical and chemical conditions of 
the melts, for example temperature, ƒO2, ƒS2, and melt chemical composition. However, 
the presence of PGE (alloy or sulfide) nuggets in solubility experiments leads to lower 
calculated values of the sulfide melt-silicate melt partition coefficients for the PGE 
(Pruseth and Palme, 2004; Fonseca et al., 2009). Therefore, recently determined sulfide 
melt-silicate melt partition coefficients for PGE are much higher than many previous 
measured values. Sulfide melt – silicate melt partition coefficients for PGE of 105-106 
are used in this study. 
The very high partition coefficients of PGE make them sensitive indicators of 
sulfide saturation in melts (e.g. Keays and Lightfoot, 2007). The R-factor model 
  Introduction 
3 
(Campbell and Naldrett, 1979) also needs to be considered when applying partition 
coefficients to ore deposit models. For example, in cases where the sulfide melt-silicate 
melt partition coefficient of an element is large compared to R (being the mass ratio of 
silicate to sulfide liquid), the concentration of the element in the sulfide melt is 
controlled by R (Campbell and Naldrett, 1979; Campbell and Barnes, 1984; Fonseca et 
al., 2009). 
The oxidation state of the melt has an important influence on the solubility of 
sulfur in melts. In relatively oxidised magmas sulfate is the stable sulfur species and 
readily dissolves in silicate melts. In more reduced magmas sulfide is stable, which is 
less soluble. Magmas generated in arc-settings above subduction zones are typically 
more oxidised than MORB with an ƒO2 near the sulfide-sulfate transition at ca. FMQ + 
1, which can make sulfate the dominant sulfur species and delay the onset of sulfide 
saturation (Richards, 2015, and references therein). 
Upon cooling of sulfide melts, the PGE can become differentiated through 
fractionation of monosulfide solid solution (mss) from the sulfide liquid. The IPGE and 
Rh partition into mss whilst Pt and Pd remain incompatible (Li et al., 1996; Barnes et 
al., 1997; Mungall et al., 2005). 
1.1.2 PGE and Re behaviour from magmatic to hydrothermal fluids 
The partitioning of PGE into hydrothermal fluids, with Pd being more soluble than Pt, 
and the transport of PGE with HS- or Cl- ligands in vapours and brines, has become a 
topic of recent research because of the occurrence of PGE in hydrothermal 
environments (e.g. Fleet and Wu, 1993, 1995; Hanley et al., 2005; Hanley and Heinrich, 
2007; Pokrovski et al., 2008; Bell et al., 2009; Simon and Pettke, 2009; Barnes and Liu, 
2012). Many earlier PGE solubility experiments were performed at 25° to 300°C, and 
their solubilities at high temperatures were extrapolated from this low temperature data 
(Wood, 1987; Mountain and Wood, 1988; Sassani and Shock, 1990; Gammons et al., 
1992; Gammons and Bloom, 1993; Gammons, 1995; Gammons, 1996; Sassani and 
Shock, 1998; Xiong and Wood, 2000). In general, the results indicate that magmatic 
hydrothermal fluids can affectively scavenge and transport PGE under certain 
conditions (Simon and Pettke, 2009). There is evidence of mobility of PGE under low-
temperature hydrothermal and supergene conditions at several ore deposits and results 
suggest Pd is more mobile than Pt (e.g. McCallum et al., 1976; Mernagh, 1994). Park et 
al. (2016) found PGE to be moderately compatible in the volatile phase from their 
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analysis of native sulfur condensates, but much less compatible than Au, Cu, or Re. 
However, they found Pd to be less compatible relative to other PGE. Though some 
types of fluids can carry PGE, if sulfide saturation occurs prior to volatile saturation in 
an evolving magmatic system then the sulfide will scavenge PGE and other chalcophile 
elements, preventing their partitioning into the volatile phase and subsequent transport 
by hydrothermal fluids.  
1.2 FELSIC ARC ROCK SUITES 
1.2.1 PGE and Re in felsic arc rocks and porphyry systems 
The concentrations of PGE in intermediate-felsic igneous suites have been successfully 
determined to much greater resolution and precision only recently. Setiabudi et al. 
(2007) analysed PGE in andesites from the Magerang-Imang and Nakan suites, East 
Kalimantan, and found that the PGE concentrations decreased with fractionation. Park 
et al. (2013a; 2013b; 2015) analysed PGE in several intermediate-felsic suites to 
determine if sulfide saturation had occurred during fractionation. The rapid decrease of 
PGE concentrations is indicative of the magmas becoming sulfide saturated and forming 
a sulfide melt.  
Platinum group elements in mineralisation related to porphyry Cu deposits, 
rather than the host intrusions, have been investigated in several studies that found ppb 
to ppm levels of PGE, predominantly Pd ± Pt, associated with sulfide mineralisation or 
platinum group minerals (PGM) (Werle et al., 1984; Eliopoulos and Economou-
Eliopoulos, 1991; Tarkian and Koopmann, 1995; Tarkian and Stribrny, 1999; 
Economou-Eliopoulos and Eliopoulos, 2000; Tarkian et al., 2003; Pašava et al., 2010). 
The Re-Os concentrations (ppm to ppb level) and isotopic compositions of sulfides from 
a porphyry deposit were employed by Liu et al. (2012) to date the ore mineralisation. 
Auge et al. (2005) analysed mineralised samples from the Elatsite porphyry Cu deposit, 
Bulgaria, which contains PGM (Pd tellurides, predominantly merenskyite (Pd, Pt)(Te, 
Bi)2) associated with base metal sulfides. Their mineralised samples contained up to 349 
ppb Pt and 3440 ppb Pd, and < 3 ppb Os, <0.6 ppb Ir, and <1 ppb Ru. They suggested 
that the PGM were associated with a PGE-Co-Ni mineralisation episode, from either 
remobilisation of PGE in sulfides by hydrothermal fluids or PGE partitioning into 
hydrothermal fluids if there were no sulfides present. LeFort et al. (2011) found PGE 
tellurides in a late-stage hydrothermal vein system that overprints porphyry Cu-Au 
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mineralisation at the Mount Milligan porphyry Cu-Au deposit, Canada. Although not 
deposited during the porphyry mineralisation stage, they proposed that the PGE 
tellurides precipitated in sub-epithermal conditions from lower temperature (< 300°C) 
fluids that originated as a contracted vapour phase from boiling of porphyry fluids. A 
summary of PGE in porphyry deposits can be found in Economou-Eliopoulos (2005). 
1.2.2 Porphyry Cu (± Au) systems 
The majority of the world’s current Cu production comes from mining porphyry Cu 
deposits, making the understanding of their formation and properties important for 
geological research, mining, and exploration alike. Porphyry deposits are typically 
large-tonnage, low- to medium-grade deposits. They are frequently associated with 
other intrusion-related hydrothermal mineralisation such as skarn and epithermal 
deposits (Mudd et al., 2013). Characteristics of porphyry deposits, including associated 
magmatic and hydrothermal processes, have been summarised in review papers 
including Cloos (2001), Richards (2003), Candela and Piccoli (2005), Cooke et al. 
(2005), Gow and Walshe (2005), Richards (2005), Seedorff et al. (2005), Sillitoe 
(2010), Audétat and Simon (2012), and Kouzmanov and Pokrovski (2012). A brief 
summary of features of porphyry Cu systems is outlined below. 
Porphyry Cu systems typically occur in magmatic arcs at convergent margins 
above subduction zones. The mantle-derived magmas form intermediate to felsic 
intrusions of “calc-alkaline to alkaline” compositions that are relatively oxidised and 
hydrous. The deposits are associated with shallow porphyry intrusive stocks, connected 
to deeper parent bodies, that exsolve magmatic fluids that, along with circulating 
meteoric water, hydrothermally alter the host rock and deposit minerals (Fig. 1.1; Dilles, 
1987; Seedorff et al., 2005; Seedorff et al., 2008; Sillitoe, 2010). The ore occurs in 
veins, stockwork, and disseminated mineralisation. Some deposits have been upgraded 
by supergene processes (i.e. oxidation and weathering of the deposit at or near the 
surface by descending meteoric waters; Sillitoe, 2005). Typical grades of porphyry Cu 
deposits are 0.5 to 1.5 % Cu. Alteration-mineralisation zonation of host rock and 
surrounding country rock can be well developed and is strongly controlled by pH and 
the sulfidation state of the hydrothermal fluids (Reed, 1997; Sillitoe, 2010). Alteration 
zones, from the core of the porphyry deposit outwards, are sodic-calcic, potassic, 
phyllic/sericitic, argillic, and propylitic (Lowell and Guilbert, 1970; Sillitoe, 2010). 
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Volatile saturation can be brought about by a reduction in pressure or 
crystallisation of the magma (Candela, 1997). For an economic deposit to form, 
significant quantities of ore metals and sulfur need to partition into the volatile phase to 
be transported and precipitated as disseminated or stockwork sulfide mineralisation. A 
range of factors influence the way in which porphyry mineralisation develops; these 
include the composition of the magma, oxidation state, timing of magmatic processes 
(including sulfide and ore-fluid saturation), depth of emplacement, and geodynamic 
setting (Candela, 1997; Cooke et al., 2005; Seedorff et al., 2005; Sillitoe, 2010). The 
interplay among these factors controls the quantity and type of porphyry mineralisation 
that will form. 
 
Figure 1.1. Schematic diagrams showing (A) a magmatic plumbing system beneath an 
arc volcano and (B) a porphyry system that may develop in the upper crust. After 
Tosdal et al. (2009) and Zernack et al. (2012b). 
 
1.2.3 Sulfide saturation during the magmatic evolution of porphyry-associated 
systems 
The focus of this Ph.D. research is the relationship between sulfide saturation in deep 
parental magma chambers, which are thought to underlie all or most porphyry systems 
(Sillitoe, 2010), and the fertility of those systems. Magmas produced from source 
melting under sulfide saturated conditions can become sulfide under-saturated during 
adiabatic ascent because the sulfur contents required for sulfide saturation increases 
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with decreasing pressure (Mavrogenes and O’Neill, 1999). Sulfide saturation in arc-
related magmatic systems has been identified as a potentially important control on 
chalcophile element fertility in fractionating magma systems (e.g. Park et al., 2013a; 
Jenner et al., 2015; Park et al., 2015). If sulfide saturation occurs in shallower-level 
secondary chambers the sulfide minerals that precipitate from the melt may later break 
down and release their chalcophile elements into the ore fluid (Keith et al., 1997; Halter 
et al., 2002; Halter et al., 2005; Richards, 2009; Nadeau et al., 2010; Audétat and 
Simon, 2012; Wilkinson, 2013; Nadeau, 2015). However, if sulfide saturation occurs in 
a deeper parental magma chamber, the chalcophile elements are stripped from the 
silicate magma and become “trapped” in sulfides within cumulate rocks and are unable 
to partition into the ore-forming hydrothermal fluid. Late-stage sulfide saturation is also 
an important process in the generation of some other types of ore deposits, such as Ni-
Cu-PGE and other hydrothermal deposits (Keays, 1987). 
1.3 STUDY OBJECTIVES 
The principal aim in this study is to investigate PGE and Re concentrations in felsic 
rocks that are associated with porphyry Cu ± Au ± (Pd) deposits to determine whether 
PGE can be used as an exploration tool for these deposits. Platinum group elements are 
more sensitive indicators of magmatic processes such as sulfide saturation, than other 
chalcophile elements such as Cu or Au, and they are also more resilient to alteration, 
making them more useful than Cu or Au in porphyry environments where Cu ± Au are 
very mobile. If sulfide saturation in a deep magma chamber precedes the saturation of 
an ore-fluid during the magmatic evolution of these types of systems then the PGE, Cu, 
and Au will partition into the sulfide melt that forms, preventing them from partitioning 
into the ore-fluid and forming porphyry mineralisation.  
1.4 STUDY AREAS 
This study focused on two ore-bearing porphyry systems. In addition, determination of 
PGE and Re content of another suite was undertaken to complement the overall 
understanding of PGE and Re behaviour. In suites that follow an Fe-enrichment trend 
during magmatic evolution, for example tholeiitic magmas such as Pual Ridge, 
magnetite saturation reduces the ƒO2 because it reduces the Fe3+/Fe2+ ratio in the melt, 
which in turn triggers sulfide saturation that produces a sulfide melt (Jenner et al., 
2010). Chalcophile elements, including Cu, Au, and PGEs, partition into the sulfide 
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melt, thus preventing the formation of a porphyry deposit. In suites that follow an Fe-
depletion trend, such as calc-alkaline magmas, there is a lack of a sudden magnetite 
saturation event and subsequent sulfide saturation. If the magmas are or become 
magnetite saturated, it is a gradual process rather than a build up of Fe and sudden 
precipitation of magnetite. In suites that produce a porphyry deposit, sulfide saturation 
has not stripped the silicate magma of ore-forming elements. The two ore-bearing 
porphyry suites that are included in this study are the El Abra-Pajonal suite, including 
the El Abra porphyry Cu deposit, and the intrusive units related to the Grasberg 
porphyry Cu-Au deposit. Porphyry deposits are typically associated with calc-alkaline 
arc-type magmas that are intermediate to felsic in composition, hydrous, sulfur-rich, and 
relatively oxidised. The oxidised nature of these magmas and the metal enrichment of 
porphyry deposits initially suggest that sulfide saturation has probably not occurred 
prior to volatile saturation otherwise the ore mineral constituents would not partition 
into the volatile phase during exsolution and thus not form a deposit. This study will 
investigate this hypothesis. The additional igneous suite studied is Mt. Taranaki, which 
is not associated with porphyry mineralisation. 
1.4.1 El Abra, Chile 
The El Abra-Pajonal suite, and associated El Abra porphyry Cu deposit, is a felsic 
intrusive igneous complex that formed in northern Chile from 35 to 43 Ma (Fig. 1.2; 
Valente, 2008). The petrography and geochemistry of the numerous calk-alkaline 
intrusive units was studied at the Australian National University by Valente (2008), 
however, no PGE or Re analysis of these samples has been undertaken. Petrology, 
whole rock and mineral geochemistry along with U/Pb geochronology suggests that the 
El Abra-Pajonal intrusive complex developed from crystal fractionation, assimilation, 
and magma mixing in a long-lived mid to deep crustal chamber that fed a series of 
short-lived upper crustal chambers (Valente, 2008). The suite shows an Fe-depletion 
trend.  
El Abra was chosen as a study location because it is associated with a well 
exposed igneous suite, interpreted to be related by fractionation processes that 
culminated in the formation of the El Abra Cu porphyry. As a consequence the El Abra 
suite provides an ideal case study of the use PGE geochemistry to identify sulfide 
saturation in an evolving porphyry system that gave rise to a Cu-only porphyry 
deposit.   
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Figure 1.2. Location map showing El Abra porphyry Cu deposit, Chile, as well as some 
of the other major porphyry Cu deposits in the region. Map modified from GeoMapApp 
(www.geomapapp.org), Ryan et al. (2009) and Valente (2008).  
 
1.4.2 Grasberg, Indonesia 
Grasberg is part of a porphyry-skarn district in Papua, Indonesia (Fig. 1.3), comprising 
several significant zones of mineralisation associated with multiple intrusions, the most 
important of which are the Grasberg Igneous Complex (GIC) and the Ertsberg Intrusive 
Complex (EIC). The Grasberg porphyry Cu-Au deposit is the largest Au-rich porphyry 
deposit in the world and is also a high-grade and large-tonnage deposit (Cooke et al., 
2005; Mudd et al., 2013). Grasberg is a complex deposit that formed at approximately 3 
Ma with multiple intrusive and hydrothermal phases that have intensely altered the host 
rock (Pollard and Taylor, 2002; Pollard et al., 2005). No systematic PGE study of the 
Grasberg-Ertsberg intrusions has been undertaken, however, Pd and Pt were analysed in 
a flotation concentrate of Grasberg ore samples and returned concentrations of 58 ppb 
Pd and 15 ppb Pt (Tarkian and Stribrny, 1999). 
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Figure 1.3. Schematic location map showing Grasberg porphyry Cu-Au deposit in 
Papua, Indonesia. Map modified from GeoMapApp (www.geomapapp.org) and Ryan et 
al. (2009). 
Grasberg was chosen for this study as an example of an Au-Cu-(Pd) porphyry 
deposit. The intrusions associated with this large deposit and those in the surrounding 
area have been extensively explored and a substantial amount of drill core, of both 
mineralised and unmineralised parts of the intrusions, was available for sampling. 
Zircon U-Pb dating of the intrusions was undertaken to complement the geochemistry 
results and further constrain the crystallisation ages of each intrusion. U-Pb dating has 
only recently been applied to the Grasberg-Ertsberg district and this study differs from 
previous in the analytical technique and corrections applied to the data. 
1.4.3 Taranaki, New Zealand 
Mt. Taranaki, formally known as Mt. Egmont, is a stratovolcano situated on the 
Taranaki Peninsula, on the western side of the North Island of New Zealand (Fig. 1.4). 
Mt. Taranaki and its parasitic cone, Fantham’s Peak, are surrounded by a ring plain that 
formed from lahar deposits and the sector collapse of older cones (Townsend et al., 
2008, and references therein; Zernack et al., 2011). The current upper parts of the 
volcanic cone typically comprise basaltic andesite to andesite lava and pyroclastic flows 
that formed over the last ca. 18 ka (Neall, 2003). 
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Figure 1.4. Maps showing location of Mt. Taranaki on the west coast of the North 
Island of New Zealand. Map modified from GeoMapApp (www.geomapapp.org) and 
Ryan et al. (2009). 
Mt. Taranaki was chosen as a study location because it is a well-studied 
subduction-related volcano that also follows an Fe-depletion trend and has MgO 
concentrations ca. 2 to 6 wt. %. The upper lava flows of the volcano are well exposed 
and samples are typically fresh rock. There is no known hydrothermal mineralisation 
associated with Mt. Taranaki. Previous work on Taranaki eruptives has predominantly 
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focussed on the geochemistry of igneous samples and the eruption record from Mt. 
Taranaki and the surrounding ring plain (Gow, 1968; Neall et al., 1986; Kellett, 1991; 
Price et al., 1992; Stewart et al., 1996; Price et al., 1999; Alloway et al., 2005; Platz, 
2007; Platz et al., 2007; Stewart et al., 2008; Turner, 2008; Turner et al., 2008a; Turner 
et al., 2008b; Zernack, 2008; Stewart et al., 2009; Turner et al., 2009; Zernack et al., 
2009; Gruender et al., 2010; Turner et al., 2011a, b; Zernack et al., 2011; Zernack et al., 
2012a; Zernack et al., 2012b). Analysis of PGE in samples from Mt. Taranaki has not 
previously been carried out. 
1.5 THESIS STRUCTURE 
This thesis is divided into six chapters plus appendices. Chapter 2 has already been 
published, a copy of which is included in Appendix B. Chapters 3, 4, and 5 are written 
as stand alone chapters in manuscript style for journal submission.  
Chapter 1 provides a brief introduction to platinum group elements, porphyry 
systems, and sulfide saturation before presenting the three study locations; El Abra, 
Grasberg, and Mt. Taranaki. Chapter 2 reports PGE and Re concentrations in samples 
from the El Abra-Pajonal intrusive complex, Chile, that show sulfide saturation 
occurred during magmatic evolution before volatile saturation of the ore-fluid. 
However, the amount of sulfide melt was small and a Cu-only porphyry deposit was 
still able to form. These results have been published along with major and trace element 
results and U-Pb zircon geochronology in the Journal of Petrology (Cocker et al., 
2015). Chapter 3 presents petrography of intrusions and U-Pb ages of zircons of the 
Grasberg-Ertsberg Cu-Au-(Pd) porphyry-skarn district, Papua, Indonesia. The weighted 
average ages range from 2.83 ± 0.03 to 3.56 ± 0.04 Ma and indicate that magmatism 
persisted for over 700 k.y. Chapter 4 presents whole rock major and trace element and 
PGE geochemistry of the Grasberg-Ertsberg intrusions. The PGE concentrations suggest 
that sulfide saturation did not occur during magmatic evolution of the suite, as a result 
the PGE, Au, and Cu were available to partition into the ore-forming fluid. Chapter 5 
reports the petrography, whole rock major and trace element geochemistry, and PGE 
analysis of samples from Mt. Taranaki, a young stratovolcano in New Zealand. Chapter 
6 provides a summary and conclusions of this Ph.D. research on PGE as indicators of 
sulfide saturation in intermediate-felsic magmatic systems and implications for 
porphyry deposit formation. The appendices provide supplementary information for 
each chapter and datasets from sample analyses conducted during this study. 
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CHAPTER 2. EL ABRA 
 
Using platinum group elements to identify sulfide 
saturation in a porphyry Cu system: the El Abra 
porphyry Cu deposit, northern Chile 
 
PREFACE 
 
This Chapter is based on a manuscript published in Journal of Petrology (56: 2491-
2514) that incorporates petrological, geochronological and geochemical results of 
samples from El Abra analysed by D. Valente as part of her Ph.D. thesis as well as the 
PGE geochemistry results from this Ph.D. study.  The material included here is 
predominantly based on the PGE component of that manuscript written by H. Cocker, 
who carried out the PGE analysis of the samples as well as generating the petrological, 
geochemical, and geochronological data from the thesis of D. Valente, with other 
sections acknowledged as work of D. Valente where applicable.  The other co-authors, 
J.-W. Park and I. Campbell, assisted with lab analyses, discussions of the data, and 
reviewed drafts of the manuscript. A copy of the manuscript is included at the end of 
Appendix B. 
The aim of this study was to use the abundances of Pt and Pd to identify the 
timing of sulfide saturation, relative to fluid saturation, in an evolving magmatic system 
that produced a porphyry Cu deposit. 
 
ABSTRACT 
 
Geochronology and geochemical analyses, including platinum group element (PGE) 
analyses, were undertaken on samples from the El Abra-Pajonal igneous complex, 
northern Chile, to investigate the magmatic evolution of the suite. Special attention is 
paid to identifying the onset of sulfide saturation, and documenting how it influenced 
the geochemistry of the chalcophile elements and the formation of the El Abra porphyry 
Cu deposit. PGEs have extreme sulfide melt-silicate melt partition coefficients, making 
them sensitive indicators of the timing of sulfide saturation in an evolving magmatic 
system. In arc-related intermediate to felsic magmatic systems, which have the potential 
to produce porphyry deposits, the timing and extent of sulfide saturation relative to ore-
fluid saturation may control the capacity of these systems to produce economic 
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mineralisation and, if they do, whether the deposits are Cu-only or Cu-Au. This study 
incorporates the first comprehensive analysis of PGEs in a felsic magmatic suite 
associated with an economic porphyry system. The suite comprises a series of quartz 
monzodiorite to granite intrusions with U-Pb zircon ages between 43 and 35 Ma. 
Petrography and major element chemistry, including increasing Sr/Y ratios and rare 
earth element patterns, suggest crystal fractionation and crustal assimilation were the 
key magmatic processes governing the evolution of the El Abra-Pajonal suite. 
Plagioclase fractionation dominated the oldest intrusions, and their associated granites 
and aplites. Following the injection of a more primitive, wetter, mafic magma at 41-40 
Ma, plagioclase fractionation became suppressed and amphibole became the dominant 
fractionating phase leading to the formation of the El Abra porphyry intrusion and Cu 
deposit. Abundances of Pt and Pd in felsic rocks from the El Abra-Pajonal intrusive 
complex drop rapidly in samples with MgO values below 2.5 wt. %, following sulfide 
saturation of the magmas, which occurs slightly before ore-fluid saturation and 
formation of the Cu deposit. Modeling suggests that the amount of sulfide to form was 
very small, enough to strip the PGE and Au from the magma but not Cu, because of the 
lower partition coefficient of Cu relative to the precious metals, which explains why the 
mineralisation at El Abra is a Cu-only porphyry deposit, rather than a Cu-Au deposit. 
 
2.1 INTRODUCTION 
2.1.1 Porphyry systems 
The majority of the world’s Cu production comes from porphyry Cu deposits, making 
an understanding of their genesis a critical factor in Cu exploration. Porphyry deposits 
are typically large-tonnage, low- to medium-grade deposits. They are frequently 
associated with other intrusion-related hydrothermal mineralisation systems such as 
skarn and epithermal deposits (Mudd et al., 2013). Characteristics of porphyry deposits, 
including associated magmatic and hydrothermal processes, have been summarised in 
numerous recent review papers including Seedorff et al. (2005), Sillitoe (2010), Audétat 
& Simon (2012), and Kouzmanov and Pokrovski (2012) and in references therein. 
Porphyry Cu systems typically develop in association with magmatic arcs 
above subduction zones. The ascending magmas form intermediate to felsic intrusions 
of “calc-alkaline to alkaline” compositions that are relatively oxidised and hydrous. The 
deposits are associated with shallow porphyry intrusive stocks, which are interpreted to 
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originate from deeper parent bodies (Dilles, 1987; Seedorff et al., 2005; Seedorff et al., 
2008; Sillitoe, 2010). The shallow ore-associated intrusions exsolve magmatic fluids, 
which, along with circulating meteoric water, hydrothermally alter the host rock and 
deposit ore minerals. There are many different aspects of porphyry formation that 
influence porphyry mineralisation. These include the composition of the magma, 
oxidation state, timing of magmatic processes (including sulfide and ore-fluid 
saturation), depth of emplacement, and geodynamic setting (Candela, 1997; Cooke et 
al., 2005; Seedorff et al., 2005; Sillitoe, 2010). The interplay among these factors 
controls the quantity and type of porphyry mineralisation that will form. 
El Abra, northern Chile (Fig. 2.1), is a classic example of a porphyry copper 
deposit with excellent exposures of a complete suite of weakly altered, plutonic rocks 
that are directly associated with the ore-body. It is therefore an ideal natural laboratory 
in which to examine the magmatic processes that lead to the formation of Cu porphyry 
deposits, by addressing two key questions: 1) how did the El Abra-Pajonal magmatic 
suite evolve though time; and 2) what influenced and controlled the porphyry 
mineralisation?  This study focuses on understanding the connection between the 
magmatic processes involved in the evolution of the El Abra-Pajonal suite intrusions 
and the El Abra porphyry Cu mineralisation being mined today. Therefore, the nature of 
the deposit itself in terms of mineralisation, alteration, and veining style for example, 
has not been studied, but rather this study has focused on the temporal and chemical 
development of the intrusions directly associated with the mineralisation, using 
petrographic, geochemical, and geochronological analytical techniques. Special 
emphasis has been placed on the role of the timing of sulfide saturation relative to ore-
fluid saturation, using the platinum group of elements to pin point the onset of sulfide 
saturation. 
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Figure 2.1. Location map showing El Abra deposit as well as some of the other major 
porphyry Cu deposits in the region. Map modified from Valente (2008). 
 
2.1.2 Sulfide saturation 
PGEs have been successfully used to identify sulfide saturation in mafic 
systems (e.g. Keays and Lightfoot, 2007) but analytical difficulties have limited their 
application in felsic systems. Recent advances in the inductively coupled plasma mass 
spectrometry (ICP-MS)-NiS fire assay-isotope dilution method (Park et al., 2012b) 
make it possible to measure the PGEs at the 1-20 ppt level, so that they can now be 
analysed in rocks with very low abundances, including felsic suites. As a consequence, 
PGE geochemistry can now be used to identify the onset of sulfide saturation in 
evolving felsic magmas, which can potentially be used to distinguish between Cu- 
and/or Au-bearing and barren felsic systems. The initial hypothesis set out to test is that 
if a fractionating magmatic system becomes sulfide saturated before it becomes ore-
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fluid saturated most of the Cu and Au will be trapped within sulfides in a deep parent 
magma chamber and be unavailable to enter a hydrothermal fluid, which emanates from 
one of the shallow daughter intrusions, the El Abra porphyry. Alternatively, if ore-fluid 
saturation occurs before sulfide saturation most of the Cu and Au will be available to 
partition into the magmatic hydrothermal fluid, which could lead to the formation of an 
economic Cu and/or Au deposit.  
The PGEs are preferred to Au and Cu for identifying sulfide saturation in 
evolving silicate melts for two reasons. First, the partition coefficients for Pt and Pd into 
an immiscible sulfide melt are approximately two orders of magnitude higher that Au 
and Cu (Mungall & Brenan, 2014).  As a consequence, Pd and Pt are much more 
sensitive indicators of sulfide fractionation.  Second, the original Au and Cu content of 
the rocks can be overprinted by secondary Cu and/or Au mineralisation making it 
impossible to obtain the primary concentration of these elements in samples.  Although 
the ore forming fluid can carry Pd, the amount is trivial compared with Cu and Au. For 
example, the Au/Pd ratio of the primitive mantle (McDonogh & Sun, 1995) and basaltic 
magmas, prior to sulfide saturation (Park et al., 2013a, 2015), is typically 0.25 to 0.8 but 
it averages over 90 for a wide range of Pd-rich porphyries analysed by Tarkian and 
Stribrny (1999). Bearing in mind that the Pd content of many of the analysed samples 
was below their detection limit of 8 ppb, the high Au/Pd ratio of porphyry ore implies 
that Au is at least 100 times more soluble than Pd in the ore-forming fluid.  
Sulfide saturation in the evolution of porphyry systems has been discussed in 
the recent literature but pertains to either theoretical suppositions or analysis of silicate 
and sulfide melt inclusions and typically entails later break down of the sulfides to 
release the chalcophile elements into the ore fluid for deposit formation (Keith et al., 
1997; Halter et al., 2002; Halter et al., 2005; Richards, 2009; Audétat and Simon, 2012; 
Wilkinson, 2013). In this study the whole rock abundances of Pt and Pd are used to 
identify the occurrence and timing of sulfide saturation, relative to ore-fluid saturation, 
in an evolving magmatic system that produced a porphyry Cu deposit. The 
identification of sulfide saturation in arc-related magmatic systems using PGE 
abundances has been previously demonstrated and discussed by Park et al. (2013a; 
2013b; 2015) but the method has not been applied to porphyry mineralisation. This 
study presents the first use of PGEs to identify sulfide saturation in a felsic ore system 
associated with a significant porphyry Cu deposit. The El Abra deposit and associated 
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El Abra-Pajonal intrusive complex make an ideal study area because it is a well-
exposed suite that exhibits a range of chemical compositions (quartz monzodiorite to 
granite), leading up to the formation of a porphyry Cu deposit. A secondary aim of this 
study is to determine why El Abra is a Cu-only system and to determine its place in a 
continuum of Cu ± Au (± PGE-enriched) systems (for PGE enrichment in porphyry 
systems see Tarkian and Stribrny (1999) and Economou-Eliopoulos (2005)). It does not 
aim to address all of the different types of porphyry systems, such as Cu ± Au ± Mo but 
instead attempts to understand how sulfide saturation in a crustal magmatic system 
controls Cu ± Au porphyry mineralisation. 
2.2 GEOLOGICAL SETTING 
Chile is host to numerous porphyry Cu, Cu-Mo, and Cu-Au deposits, including ten of 
the world’s twenty-five largest by contained Cu metal amounting to 358 Mt Cu (Camus 
and Dilles, 2001; Cooke et al., 2005). The deposits are situated in five N-S trending 
metallogenic belts in central and northern Chile, reflecting the eastward arc migration 
and broader regional tectonic setting, and range in age from Cretaceous to Pliocene, 
corresponding to the establishment of the Andean tectonic cycle (Camus and Dilles, 
2001; Gow and Walshe, 2005). The host intrusive complexes are calc-alkaline 
granitoids and porphyries that crystallised from oxidised hydrous magmas (Ishihara et 
al., 1984; Kay et al., 1999; Camus and Dilles, 2001). 
El Abra is an economic porphyry Cu-only deposit in northern Chile associated 
with the El Abra-Pajonal complex, a suite of intermediate to felsic intrusives (Fig. 2.2; 
Ambrus, 1977; Dilles et al., 1997). The initial Cu-oxide reserve for the El Abra deposit 
at the commencement of mining in 1995 was 798 million tons at 0.54 wt. % Cu (Gerwe, 
2005) whereas the Cu-sulfide ore reserve was 452 million tons at 0.64 wt. % Cu 
(Graichen et al., 1995). The deposit occurs within a deep-seated, north–west trending 
shear zone that is linked to the West Fissure Fault Zone (Graichen et al., 1995; Barrett, 
2004; Gerwe, 2005), a major fault that is part of the Domeyko Fault system and is 
associated with many other porphyry Cu deposits in the region, including, from north to 
south, Collahuasi District, La Escondida, Chuquicamata, and El Salvador (Fig. 2.1; 
Ambrus, 1977; Reutter et al., 1996; Cornejo et al., 1997; Garza et al., 2001; Ossandon et 
al., 2001; Richards et al., 2001; Masterman et al., 2005; Urqueta et al., 2009).  
Copper ± molybdenum mineralisation is centred on an El Abra porphyry stock 
that cross-cuts the El Abra-Pajonal suite of intrusions, which range in composition from 
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alkali feldspar granite to quartz monzodiorite (Ambrus, 1977; Graichen et al., 1995; 
Barrett, 2004; Gerwe, 2005). These intrusions delineate a younging southwards trend 
from the Cerro de Pajonal Mountain. The active mining area lies within a potassic 
alteration zone that extends up to 1600 m radially from the host El Abra porphyry stock 
(Graichen et al., 1995; Barrett, 2004; Gerwe, 2005). The deposit features high-grade Cu 
(± Mo and Zn), low-S mineralisation, with Cu grades decreasing radially from the core 
of the deposit (Ambrus, 1977; Graichen et al., 1995; Barrett, 2004; Gerwe, 2005). High-
grade Cu mineralisation is associated with K-feldspar-dominated potassic alteration 
(Ambrus, 1977), however, the highest Cu grades occur along northwest-trending 
fissures and veins within the potassic alteration zone (Graichen et al., 1995; Barrett, 
2004; Gerwe, 2005). Lowest Cu grades occur within the propylitic alteration zone 
(Ambrus, 1977; Graichen et al., 1995; Barrett, 2004; Gerwe, 2005). Hypogene 
mineralisation is observed to extend to depths > 900m (Graichen et al., 1995; Barrett, 
2004) and is generally characterised by chalcopyrite either inter-grown with bornite 
(Ambrus, 1977) or rimmed by bornite and chalcocite (Graichen et al., 1995; Barrett, 
2004). Molybdenite is a minor accessory phase that occurs peripheral to the Cu-rich 
core of the deposit (Ambrus, 1977; Graichen et al., 1995; Barrett, 2004), such that 
molybdenite grades increase with decreasing Cu grades (Ambrus, 1977). Galena and 
sphalerite are found in the youngest veins within the El Abra deposit (Ambrus, 1977; 
Gerwe, 2005). Supergene mineralisation is coincident with an oxide cap that overlies 
the hypogene mineralisation and this cap extends to a maximum depth of 600m 
(Graichen et al., 1995; Barrett, 2004). Chrysocolla is the dominant oxide mineral mined, 
however turquoise, tenorite, antlerite, brochantite, Cu-wad and Cu-rich clays are also 
observed within the oxide zone (Graichen et al., 1995; Barrett, 2004). Native Cu and 
cuprite are commonly found along the irregular and gradational oxide 
(supergene)/hypogene contact (Graichen et al., 1995; Barrett, 2004). 
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Figure 2.2 previous page. (a) Geological map of El Abra region showing location of 
samples used in this study. Area within dashed rectangle is enlarged in map (b). Grid 
references for each sample are included in Table A2. Those labeled with sample 
numbers (with ANU07 prefix omitted) refer to samples that were chosen for PGE and 
Re analysis. Simplified geological map modified from Tomlinson et al. (1995) and 
Barrett (1997). Post-El Abra-Pajonal units of Tertiary to Quaternary age include the 
Carcote ignimbrite and Tertiary and Quaternary gravels.  Pre-El Abra-Pajonal units of 
Palaeozoic to Tertiary age include the Icanche Formation, Saturno fanglomerate, Cerro 
Colorado Complex, Tolar Formation, and Collahuasi Formation. Projection UTM 19K, 
datum South America Provisional 1956. More detailed geology maps are included in 
Appendix B (Figs. B1 and B2). 
 
2.3 SAMPLE SELECTION AND ANALYTICAL TECHNIQUES 
Samples were collected from all units of the El Abra-Pajonal intrusive complex 
including the El Abra porphyry. Fresh to weakly altered samples were targeted where 
possible to avoid mineralisation, although some weakly altered samples have small 
amounts of disseminated hydrothermal sulfide.  
Whole rock PGE and Re abundances of 21 selected samples were determined by 
the modified NiS fire assay isotope dilution method described by Park et al. (2012b). A 
detailed description of the methods used is included in Appendix A. Only intrusions 
directly related to the magmatic evolution of the El Abra porphyry (mineralising event) 
were included for PGE analysis. The Antena aplite, Rojo Grande granite and Apolo 
granite were excluded because their geochemistry precludes them being part of the suite 
that evolved to form the ore-associated El Abra porphyry. Duplicate analyses were also 
run with a Te co-precipitation step, following a method based on Jackson et al. (1990) 
and Savard et al. (2010). The Te and Sn solutions were, however, diluted to 1% of the 
concentrations described by Savard et al. (2010) to reduce the blank in the PGE 
solutions to acceptable levels. A single collector Agilent 7700 ICP-MS at the Australian 
National University was used to analyse the final solutions. Instrument sensitivities 
were 2.6 to 3.4 x 105 for mass 89, 3.2 to 3.3 x 105 for mass 140, 2.3 to 3.1 x 105 for 
mass 205. Molecular isobaric interferences were monitored by analysing solutions of 
Ni, Cu, Zn, Mo, Zr, Hf, and Ta.  Argide production rates of Ni, Cu, and Zn ranged from 
0.002 to 0.006%.  The effects of the interferences were variable, reflecting the very low 
abundances of PGE in the samples and the variable content of elements common in 
porphyry systems that can interfere on PGE and Re isotopes, such as Cu and Mo.  
Correction rates were <0.2% for Re, <1% for Pt, <1.6% for Pd (except for one sample, 
ANU07-110 duplicate, with 6.1%), <3.2% for Ir, <26% for Rh (except for one sample, 
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ANU07-110 duplicate, with 81.6%), and <65% for Ru (Ni argide interference). The 
method limits of detection, taken as three standard deviations of the procedural blanks, 
were 0.5 ppt for Ir, 1.3 ppt for Ru, 1.4 ppt for Rh, 19.7 ppt for Pt, 9.5 ppt for Pd, and 8.2 
ppt for Re. Total uncertainties in the data, which primarily result from uncertainty in the 
blank subtraction and ICP-MS counting statistics, and the measurements of blanks are 
reported in the results section. The reference material TDB-1 (CCRMP-CANMET 
diabase) was used to assess the accuracy and precision of the measurements. Our 
analyses of the PGE and Re abundances in TDB-1 and error measurements are reported 
in the results section and are consistent with the previously reported values of Plessen 
and Erzinger (1998), Peucker-Ehrenbrink et al. (2003), Meisel and Moser (2004), and 
Savard et al. (2010).     
All non-PGE data for the El Abra suite discussed in this study was analysed by Valente 
(2008).   
 
2.4 RESULTS 
Only the PGE results are described here in detail. The results section of the published 
paper (in Appendix B) contains details of the other geochemical and geochronological 
data. Figures pertaining to results obtained by D. Valente were drafted by H. Cocker 
and are included here for reference when examining the PGE results and discussion 
(Figs. 2.3 to 2.6). Results tables for U-Pb dating and major and trace element data are 
included in Appendix B (Tables B1 and B2). 
The intrusions of the El Abra-Pajonal suite consist of varying amounts of amphibole, 
plagioclase, orthoclase, quartz, and biotite, together with minor amounts of Ti-magnetite 
and accessory apatite, zircon, titanite, and rutile. The samples studied are fresh to 
weakly altered with small amounts (0 to ca. 5 %) of disseminated hydrothermal sulfide 
mineralisation, predominantly pyrite and chalcopyrite. The intrusions have been dated 
by zircon U-Pb methods and, based on their ages and field relationships, the intrusions 
from oldest to youngest are the Pajonal quartz monzonite (43.2 ± 0.2 Ma), Antena aplite 
(42.8 ± 0.2 Ma), Equis monzogranite (41.7 ± 0.2 Ma), Dark quartz monzodiorite (40.8 ± 
0.3 Ma), Central granodiorite (40.6 ± 0.2 Ma), Llareta quartz monzodiorite (40.1 ± 0.4 
Ma), Rojo Grande granite (39.2± 0.2 Ma), Clara granodiorite (37.6 ± 0.2 Ma), Apolo 
granite (37.6± 0.3 Ma), El Abra porphyry (36.9 ± 0.3 Ma) and the Lagarto porphyry 
(35.5 ± 0.5 Ma) (Fig. 2.3; Valente, 2008).  The intrusions have been divided into two 
series; a Plagioclase series (purple) and an Amphibole series (red), based on the 
dominant mineral fractionation characteristics from whole rock major and trace element 
results (see discussion for further details). 
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Figure 2.3. 206Pb/238U zircon ages for the El Abra-Pajonal suite samples with shaded 
areas representing average ages for each intrusion analysed in this study. Errors shown 
are 2 standard deviations of the weighted average. Also shown are U-Pb zircon ages of 
El Abra-Pajonal, Los Picos, Fortuna, and Chuquicamata samples from Campbell et al. 
(2006) for comparison and these are not included in the weighted average age. 
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Figure 2.4. Selected whole rock major element results for El Abra-Pajonal suite 
samples. (a & b) Al2O3 and MgO concentrations plotted against whole rock SiO2 values 
for El Abra-Pajonal suite samples. (c to f) Na2O, Fe2O3, K2O and TiO2 plotted against 
MgO. Red symbols are intrusions <41 Ma and are related to amphibole-dominant 
fractionation. Star symbols indicate samples are from the El Abra porphyry, which is 
associated with Cu mineralisation. Circles are samples from the Dark quartz 
monzodiorite. Light purple symbols indicate intrusions >41 Ma and are related to 
plagioclase-dominant fractionation. Crosses are granites and aplites related to 
plagioclase-dominant fractionation. 
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Figure 2.5. Selected whole rock trace element results for El Abra-Pajonal suite samples. 
(a and b) Ni and 1000Cu plotted against MgO. (c) Sr/Y against Eu/Eu*. Symbols as for 
Figure 2.4. 
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Figure 2.6. CI-normalised  (Palme and O’Neill, 2014) whole rock (WR) rare earth 
element plots of El Abra-Pajonal intrusion sample. (a) El Abra-Pajonal intrusions that 
are younger than 41 Ma but excludes granites. (b) El Abra-Pajonal intrusions that are 
older than 41 Ma. (c) Granite intrusions of the El Abra-Pajonal suite that are younger 
than 41 Ma. 
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2.4.1 Whole rock PGE and Re geochemistry 
Whole rock Pt and Pd abundances are reported for 21 El Abra-Pajonal samples (Table 
2.1; all PGE and Re values are blank subtracted). The other analysed PGE were below 
or close to the method limit of detection (MDL) and are therefore not considered 
further. Rhenium abundances were measurable in 20 samples and range from <8.2 ppt 
to 46.7 ppb but show no clear trend. Measurements of blanks and reference material 
(TDB-1) are shown in Tables 2.2 and 2.3. 
Abundances of Pd and Pt are plotted against whole rock MgO contents for each 
of the El Abra-Pajonal suite samples (Fig. 2.7a & b) and compared to results from Pual 
Ridge and Niuatihi-Motutahi (Fig. 2.7c & d). As in the previous section the samples are 
divided into the Amphibole- (red) and Plagioclase- (light purple) series. A plot of Pd 
against MgO shows no clear trend for the Amphibole-series samples with MgO above 
2.5 wt. % (Fig. 2.7a) but Pd falls rapidly once the MgO content falls below this value. 
The abundance of Pt decreases continuously with decreasing MgO but the rate of 
decrease becomes more rapid once the MgO drops below 2.5 wt. % (Fig. 2.7b). Samples 
from the ore-bearing El Abra porphyry have both low MgO values and low Pt and Pd 
abundances, with the exception of the sample with the lowest MgO value, which has an 
anomalously high Pt abundance. The Plagioclase-series samples all have MgO <2.5 wt. 
%. Both Pd and Pt decrease with decreasing MgO for these samples; Pd decreases at a 
similar rate as the Amphibole-series samples with <2.5 wt. % MgO, Pt overall decreases 
more gradually than the Amphibole-series samples do below 2.5 wt. % MgO. The El 
Abra-Pajonal suite samples run in duplicate are shown with closed symbols. In some 
cases, the duplicates lie within plotting error and only a single point is plotted. Where 
there is a distinct difference between duplicates a connecting line has been drawn 
between them. Samples with MgO >2.5 wt. % (Amphibole-series) show greater scatter 
in Pt than Pd, which shows no significant variation between duplicates, whereas for 
samples with MgO <2.5 wt. % both Pt and Pd show similar scatter. 
 
 
 
 
 
El Abra 
28 
 
 
 
 
T
ab
le
 2
.1
.W
ho
le
 ro
ck
 p
la
tin
um
 g
ro
up
 e
le
m
en
t a
nd
 R
e 
re
su
lts
 in
 p
pb
 fo
r s
am
pl
es
 a
nd
 d
up
lic
at
es
 fr
om
 th
e 
El
 
A
br
a-
Pa
jo
na
l i
gn
eo
us
 c
om
pl
ex
. E
rr
or
s a
re
 th
e 
to
ta
l c
om
bi
ne
d 
un
ce
rta
in
tie
s i
n 
th
e 
da
ta
, w
hi
ch
 p
rim
ar
ily
 
re
su
lts
 fr
om
 u
nc
er
ta
in
ty
 in
 th
e 
bl
an
k 
ub
tra
ct
io
n 
an
d 
IC
P-
M
S 
co
un
tin
g 
st
at
is
tic
s. 
Sa
m
pl
e 
In
tr
us
iv
e 
un
it 
M
gO
 
C
u 
Ir
 
 
R
u 
 
R
h 
 
Pt
 
 
Pd
 
 
R
e 
 
(w
t. 
%
) 
(p
pm
) 
(p
pt
)  
(p
pt
) 
(p
pt
) 
(p
pt
) 
(p
pt
) 
(p
pt
) 
A
N
U
07
-1
15
 
El
 A
br
a 
po
rp
hy
ry
 
1.
1 
29
2 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
11
88
 ±
 7
.2
 
30
1 
± 
6.
7 
13
27
 ±
 5
.7
 
A
N
U
07
-1
15
* 
El
 A
br
a 
po
rp
hy
ry
 
1.
1 
 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
15
56
 ±
 1
8.
5 
23
3 
± 
5.
9 
14
43
 ±
 2
0.
1 
A
N
U
07
-0
94
 
El
 A
br
a 
po
rp
hy
ry
 
1.
1 
21
7 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
52
 
± 
7.
3 
63
 
± 
7.
0 
97
 
± 
4.
6 
A
N
U
07
-0
94
* 
El
 A
br
a 
po
rp
hy
ry
 
1.
1 
 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
46
 
± 
7.
6 
84
 
± 
5.
0 
99
 
± 
5.
9 
A
N
U
07
-1
05
 
Eq
ui
s m
on
zo
gr
an
ite
 
1.
3 
36
92
 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
76
 
± 
17
.9
 
66
 
± 
4.
3 
13
9 
± 
20
.1
 
A
N
U
07
-1
27
 
Eq
ui
s m
on
zo
gr
an
ite
 
1.
4 
55
 
<0
.5
  
<1
.3
 
 
2.
78
 
± 
0.
55
 
21
9 
± 
8.
5 
26
8 
± 
8.
1 
11
8 
± 
3.
5 
A
N
U
07
-1
27
* 
Eq
ui
s m
on
zo
gr
an
ite
 
1.
4 
 
<0
.5
  
<1
.3
 
 
1.
86
 
± 
0.
71
 
28
5 
± 
7.
9 
30
5 
± 
7.
5 
11
1 
± 
5.
7 
A
N
U
07
-0
98
 
C
la
ra
 g
ra
no
di
or
ite
 
1.
5 
89
 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
46
 
± 
7.
2 
15
1 
± 
5.
5 
20
 
± 
3.
3 
A
N
U
07
-1
07
 
El
 A
br
a 
po
rp
hy
ry
 
1.
5 
16
88
 
<0
.5
  
16
.6
2 
± 
1.
17
 
<1
.4
 
 
59
 
± 
7.
2 
<9
.5
 
 
91
63
 ±
 8
8.
7 
A
N
U
07
-1
07
* 
El
 A
br
a 
po
rp
hy
ry
 
1.
5 
 
<0
.5
  
8.
86
 
± 
2.
02
 
<1
.4
 
 
55
 
± 
7.
1 
<9
.5
 
 
11
54
8 
± 
51
.0
 
A
N
U
07
-0
85
 
C
la
ra
 g
ra
no
di
or
ite
 
1.
7 
13
 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
55
 
± 
7.
2 
12
3 
± 
6.
0 
<8
.2
 
 
A
N
U
07
-0
85
* 
C
la
ra
 g
ra
no
di
or
ite
 
1.
7 
 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
49
 
± 
7.
2 
14
4 
± 
4.
5 
<8
.2
 
 
A
N
U
07
-0
82
 
Pa
jo
na
l q
ua
rtz
 
m
on
do
ni
te
 
1.
8 
43
 
1.
89
 ±
 0
.2
4 
<1
.3
 
 
8.
23
 
± 
0.
72
 
40
8 
± 
8.
0 
22
6 
± 
5.
7 
11
9 
± 
5.
3 
A
N
U
07
-0
89
 
Ll
ar
et
a 
qu
ar
tz
 
m
on
zo
di
or
ite
 
1.
8 
30
 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
14
5 
± 
7.
5 
15
2 
± 
6.
8 
77
 
± 
3.
1 
A
N
U
07
-0
89
* 
Ll
ar
et
a 
qu
ar
tz
 
m
on
zo
di
or
ite
 
1.
8 
 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
15
7 
± 
8.
2 
16
2 
± 
5.
1 
79
 
± 
3.
7 
A
N
U
07
-0
93
 
Ll
ar
et
a 
qu
ar
tz
 
m
on
zo
di
or
ite
 
1.
9 
14
 
<0
.5
  
<1
.3
 
 
<1
.4
 
 
12
6 
± 
7.
9 
13
6 
± 
5.
5 
11
4 
± 
4.
5 
A
N
U
07
-0
92
 
Pa
jo
na
l q
ua
rtz
 
m
on
do
ni
te
 
2.
1 
58
 
<0
.5
  
<1
.3
 
 
2.
39
 
± 
0.
54
 
35
3 
± 
9.
6 
18
3 
± 
5.
4 
26
 
± 
3.
2 
A
N
U
07
-0
92
* 
Pa
jo
na
l q
ua
rtz
 
m
on
do
ni
te
 
2.
1 
 
1.
88
 ±
 0
.1
8 
<1
.3
 
 
9.
90
 
± 
1.
56
 
59
1 
± 
11
.7
 
80
8 
± 
7.
9 
73
 
± 
3.
5 
A
N
U
07
-1
04
 
C
en
tra
l g
ra
no
di
or
ite
 
2.
1 
14
45
 
<0
.5
  
<1
.3
 
 
2.
06
 
± 
0.
54
 
34
1 
± 
10
.8
 
42
9 
± 
9.
3 
17
24
8 
± 
16
7.
0 
A
N
U
07
-1
04
* 
C
en
tra
l g
ra
no
di
or
ite
 
2.
1 
 
<0
.5
  
1.
39
 
± 
0.
67
 
<1
.4
 
 
98
4 
± 
15
.1
 
40
0 
± 
10
.3
 
22
08
2 
± 
23
0.
8 
  El Abra 
29 
 
 
T
ab
le
 2
.1
. c
on
tin
ue
d.
 
Sa
m
pl
e 
In
tr
us
iv
e 
un
it 
M
gO
 
C
u 
Ir
 
 
R
u 
 
R
h 
 
Pt
 
 
Pd
 
 
R
e 
 
(w
t. 
%
) 
(p
pm
) 
(p
pt
)  
(p
pt
) 
(p
pt
) 
(p
pt
) 
(p
pt
) 
(p
pt
) 
A
N
U
07
-1
10
 
Eq
ui
s m
on
zo
gr
an
ite
 
2.
1 
54
93
 
1.
73
 ±
 0
.1
8 
2.
30
 
± 
0.
53
 
5.
90
 
± 
0.
56
 
77
6 
± 
10
.6
 
21
2 
± 
5.
4 
40
3 
± 
10
.6
 
A
N
U
07
-1
10
* 
Eq
ui
s m
on
zo
gr
an
ite
 
2.
1 
 
1.
87
 ±
 0
.2
6 
<1
.3
 
 
3.
60
 
± 
0.
84
 
78
4 
± 
9.
9 
25
3 
± 
6.
1 
41
5 
± 
11
.8
 
A
N
U
07
-1
22
* 
Pa
jo
na
l q
ua
rtz
 
m
on
do
ni
te
 
2.
4 
 
<0
.5
  
<1
.3
 
 
2.
95
 
± 
0.
77
 
41
8 
± 
8.
7 
42
3 
± 
6.
5 
30
 
± 
3.
2 
A
N
U
07
-1
22
 
Pa
jo
na
l q
ua
rtz
 
m
on
do
ni
te
 
2.
4 
72
 
5.
38
 ±
 0
.2
3 
<1
.3
 
 
11
.1
7 
± 
0.
67
 
60
4 
± 
10
.4
 
79
7 
± 
19
.3
 
91
 
± 
3.
2 
A
N
U
00
-1
31
† 
Ce
nt
ra
l g
ra
no
di
or
ite
 
2.
5 
 
1.
31
 ±
 0
.3
0 
2.
54
 
± 
1.
24
 
10
.6
3 
± 
0.
75
 
10
17
 ±
 2
9.
7 
10
75
 ±
 3
2.
2 
57
70
 ±
 1
79
.7
 
A
N
U
07
-1
13
 
Ce
nt
ra
l g
ra
no
di
or
ite
 
2.
7 
21
35
 
1.
29
 ±
 0
.1
7 
2.
50
 
± 
0.
58
 
4.
14
 
± 
0.
76
 
45
7 
± 
10
.4
 
88
3 
± 
71
.4
 
46
78
0 
± 
89
1.
0 
A
N
U
07
-1
13
* 
Ce
nt
ra
l g
ra
no
di
or
ite
 
2.
7 
 
26
.9
7 
± 
0.
86
 
<1
.3
 
 
4.
14
 
± 
0.
88
 
51
8 
± 
13
.0
 
96
1 
± 
15
.7
 
29
72
9 
± 
54
9.
3 
A
N
U
07
-1
03
 
Ce
nt
ra
l g
ra
no
di
or
ite
 
2.
9 
50
 
1.
13
 ±
 0
.1
8 
<1
.3
 
 
5.
02
 
± 
0.
53
 
46
7 
± 
12
.7
 
84
8 
± 
18
.6
 
15
93
3 
± 
29
0.
2 
A
N
U
07
-1
03
* 
Ce
nt
ra
l g
ra
no
di
or
ite
 
2.
9 
 
<0
.5
  
<1
.3
 
 
6.
22
 
± 
1.
10
 
58
5 
± 
11
.5
 
77
1 
± 
15
.0
 
18
24
1 
± 15
5.
45
 
A
N
U
00
-1
80
† 
D
ar
k 
qu
ar
tz
 
m
on
zo
di
or
ite
 
3.
1 
 
0.
56
 ±
 0
.1
7 
<1
.3
 
 
29
.2
7 
± 
2.
34
 
63
5 
± 
18
.2
 
61
8 
± 
47
.9
 
32
34
 ±
 8
0.
1 
A
N
U
07
-1
01
 
D
ar
k 
qu
ar
tz
 
m
on
zo
di
or
ite
 
3.
5 
29
3 
0.
62
 ±
 0
.1
5 
<1
.3
 
 
3.
96
 
± 
0.
53
 
69
9 
± 
15
.9
 
80
4 
± 
14
.7
 
60
80
 ±
 1
17
.1
 
A
N
U
07
-1
01
* 
D
ar
k 
qu
ar
tz
 
m
on
zo
di
or
ite
 
3.
5 
 
<0
.5
  
<1
.3
 
 
4.
09
 
± 
0.
87
 
57
0 
± 
12
.0
 
88
6 
± 
17
.1
 
68
72
 ±
 1
06
.2
 
A
N
U
07
-1
08
 
D
ar
k 
qu
ar
tz
 
m
on
zo
di
or
ite
 
4.
2 
11
68
 
2.
15
 ±
 0
.2
7 
<1
.3
 
 
4.
17
 
± 
0.
56
 
70
5 
± 
12
.6
 
19
40
 ±
 3
1.
9 
18
9 
± 
6.
9 
A
N
U
07
-1
08
* 
D
ar
k 
qu
ar
tz
 
m
on
zo
di
or
ite
 
4.
2 
 
<0
.5
  
<1
.3
 
 
4.
00
 
± 
0.
89
 
73
8 
± 
12
.4
 
19
95
 ±
 1
9.
4 
14
5 
± 
4.
3 
A
N
U
00
-1
82
† 
D
ar
k 
qu
ar
tz
 
m
on
zo
di
or
ite
 
4.
5 
 
2.
01
 ±
 0
.1
9 
2.
86
 
± 
1.
19
 
10
.6
5 
± 
0.
79
 
84
8 
± 
15
.7
 
13
77
 ±
 3
4.
1 
22
7 
± 
11
.5
 
* 
in
di
ca
te
s d
up
lic
at
e 
sa
m
pl
es
 th
at
 a
lso
 in
co
rp
or
at
ed
 th
e 
Te
 c
o-
pr
ec
ip
ita
tio
n 
m
et
ho
d 
 
El Abra 
30  
T
ab
le
 2
.2
.  P
ro
ce
du
ra
l b
lan
ks
 P
G
E 
re
su
lts
 (p
pt
).
Ir
R
u
R
h
Pt
Pd
R
e
(p
pt
)
(p
pt
)
(p
pt
)
(p
pt
)
(p
pt
)
(p
pt
)
B
lan
k-
01
0.
73
± 
0.
04
2.
14
± 
0.
17
0.
88
± 
0.
06
8.
8
± 
0.
27
16
.2
± 
1.
51
19
.8
± 
1.
56
B
lan
k-
02
0.
71
± 
0.
04
1.
77
± 
0.
32
0.
61
± 
0.
07
10
.6
± 
1.
04
22
.5
± 
1.
15
16
.1
± 
0.
62
B
lan
k-
03
0.
75
± 
0.
03
1.
91
± 
0.
55
0.
59
± 
0.
06
29
.1
± 
1.
13
14
.1
± 
1.
33
17
.8
± 
1.
14
B
lan
k-
04
0.
86
± 
0.
10
2.
79
± 
0.
32
0.
98
± 
0.
09
11
.9
± 
1.
22
17
.1
± 
0.
71
19
.9
± 
0.
73
B
lan
k-
05
0.
67
± 
0.
03
1.
74
± 
0.
34
0.
68
± 
0.
04
5.
9
± 
0.
27
21
.7
± 
0.
65
18
.0
± 
0.
68
B
lan
k-
06
*
1.
05
± 
0.
11
2.
04
± 
0.
48
1.
75
± 
0.
24
14
.5
± 
0.
39
13
.6
± 
0.
46
20
.2
± 
1.
74
B
lan
k-
07
*
0.
61
± 
0.
05
1.
64
± 
0.
10
1.
93
± 
0.
27
9.
4
± 
0.
55
15
.6
± 
1.
53
19
.7
± 
1.
21
B
lan
k-
08
*
0.
78
± 
0.
10
2.
80
± 
0.
46
1.
05
± 
0.
13
12
.2
± 
0.
41
14
.5
± 
1.
26
26
.1
± 
1.
02
B
lan
k-
09
0.
78
± 
0.
10
2.
27
± 
0.
48
1.
52
± 
0.
16
6.
7
± 
0.
15
18
.7
± 
1.
02
22
.4
± 
3.
85
B
lan
k-
10
1.
07
± 
0.
04
2.
41
± 
0.
19
1.
29
± 
0.
16
15
.0
± 
0.
39
19
.7
± 
0.
56
21
.0
± 
1.
71
M
ea
n
0.
80
2.
15
1.
13
12
.4
17
.4
20
.1
1σ
0.
15
0.
42
0.
48
6.
6
3.
2
2.
7
3σ
 (M
LD
)
0.
45
1.
25
1.
43
19
.7
3
9.
47
8.
24
* 
Th
es
e s
am
pl
es
 al
so
 in
co
po
ra
te
d 
th
e 
Te
 co
-p
re
ci
pi
ta
tio
n 
in
 th
e m
et
ho
d
M
LD
 is
 m
et
ho
d 
lim
it 
of
 d
et
ec
tio
n
Sa
m
pl
e
  El Abra 
31 
 
T
ab
le
 2
.3
.  R
ef
er
en
ce
 m
at
er
ial
 (T
D
B-
1)
 P
G
E 
an
d 
R
e 
re
su
lts
 (p
pb
).
Ir
R
u
R
h
Pt
Pd
R
e
(p
pb
)
(p
pb
)
(p
pb
)
(p
pb
)
(p
pb
)
(p
pb
)
TD
B
-1
-0
1
0.
05
7
± 
0.
00
1
0.
17
3
± 
0.
00
2
0.
33
2
± 
0.
00
4
4.
34
9
± 
0.
03
9
21
.9
2
± 
0.
19
2
0.
74
6
± 
0.
00
6
TD
B
-1
-0
2
0.
06
0
± 
0.
00
1
0.
17
0
± 
0.
00
3
0.
29
2
± 
0.
00
1
4.
20
8
± 
0.
08
2
22
.8
9
± 
0.
21
7
0.
75
7
± 
0.
02
0
TD
B
-1
-0
3
0.
05
9
± 
0.
00
1
0.
16
7
± 
0.
00
3
0.
39
5
± 
0.
00
7
4.
29
2
± 
0.
02
6
24
.1
4
± 
0.
30
6
0.
73
9
± 
0.
00
7
TD
B
-1
-0
4*
0.
09
5
± 
0.
00
3
0.
26
2
± 
0.
00
6
0.
39
8
± 
0.
04
8
4.
49
4
± 
0.
07
4
24
.6
2
± 
0.
14
0
0.
94
9
± 
0.
00
7
TD
B
-1
-0
5*
0.
10
3
± 
0.
00
2
0.
32
3
± 
0.
00
7
0.
43
5
± 
0.
05
2
5.
28
5
± 
0.
05
0
25
.3
8
± 
0.
22
2
0.
97
1
± 
0.
00
8
TD
B
-1
-0
6*
0.
08
1
± 
0.
00
2
0.
18
5
± 
0.
00
2
0.
45
0
± 
0.
00
6
4.
62
7
± 
0.
07
1
23
.3
7
± 
0.
27
2
0.
82
4
± 
0.
01
7
TD
B
-1
-0
7
0.
05
6
± 
0.
00
1
0.
16
3
± 
0.
00
1
0.
41
8
± 
0.
00
1
4.
25
5
± 
0.
00
9
21
.7
6
± 
0.
13
1
0.
73
0
± 
0.
00
3
TD
B
-1
-0
8
0.
04
9
± 
0.
00
1
0.
15
0
± 
0.
00
1
0.
40
3
± 
0.
00
1
3.
97
7
± 
0.
01
5
21
.9
4
± 
0.
20
4
0.
68
8
± 
0.
00
3
M
ea
n
0.
07
0
0.
19
9
0.
39
0
4.
43
6
23
.2
5
0.
80
1
1σ
0.
02
0
0.
06
1
0.
05
3
0.
39
4
1.
36
5
0.
10
6
G
ov
in
da
ra
ju
a
0.
15
0.
3
0.
7
5.
8
22
.4
-
Pl
es
se
n 
an
d 
Er
zin
ge
rb
0.
12
± 
0.
03
7
0.
34
± 
0.
04
0
0.
33
± 
0.
01
3
3.
8
± 
1
20
± 
1.
1
-
M
eis
el
 a
nd
 M
os
er
c
0.
07
5
± 
0.
00
9
0.
17
9
± 
0.
00
8
0.
47
1
± 
0.
04
2
5.
01
± 
0.
18
2
24
.3
± 
1.
89
3
0.
79
4
± 
0.
02
3
Pe
uk
er
-E
hr
en
br
in
kd
0.
07
8
± 
0.
00
6
-
-
4.
4
± 
0.
28
3
24
.8
± 
11
.9
94
-
Sa
va
rd
 e
t a
l.e
0.
06
1
± 
0.
01
5
0.
16
4
± 
0.
02
8
0.
27
2
± 
0.
02
7
4.
79
± 
0.
19
0
22
.3
5
± 
1.
08
0
0.
72
1
± 
0.
02
4
Sa
va
rd
 e
t a
l.f
0.
08
4
± 
0.
02
0
0.
25
3
± 
0.
01
8
0.
46
6
± 
0.
00
4
4.
64
± 
0.
31
0
22
.8
2
± 
0.
80
0
0.
06
3
± 
0.
03
0
* T
he
se
 sa
m
pl
es
 al
so
 in
co
po
ra
te
d 
th
e 
Te
 c
o-
pr
ec
ip
ita
tio
n 
in
 th
e m
et
ho
d
a  G
ov
in
da
ra
ju
 (1
99
4)
 c
om
pi
le
d
b  
Pl
es
se
n 
an
d 
Er
zi
ng
er
 (1
99
8)
 N
iS
 fi
re
 a
ss
ay
 a
nd
 IC
P-
M
S
c  M
eis
el
 an
d 
M
os
er
 (2
00
4)
 Is
ot
op
e d
ilu
tio
n 
w
ith
 h
ig
h-
pr
es
su
re
 as
he
r a
cid
 d
ige
st
io
n 
an
d 
IC
P-
M
S
d  
Pe
uk
er
-E
hr
en
br
in
k 
et
 a
l. 
(2
00
3)
 N
iS
 fi
re
 a
ss
ay
 a
nd
 is
ot
op
e d
ilu
tio
n 
IC
P-
M
S
e  S
av
ar
d 
et
 al
. (
20
10
) I
so
to
pe
 d
ilu
tio
n 
w
ith
 h
ig
h-
pr
es
su
re
 a
sh
er
 a
cid
 d
ig
es
tio
n 
an
d 
IC
P-
M
S
f  S
av
ar
d 
et
 al
. (
20
10
) N
iS
 fi
re
 as
sa
y 
w
ith
 T
e c
o-
pr
ec
ip
ita
tio
n 
an
d 
IC
P-
M
S
Sa
m
pl
e
El Abra 
32 
 
Figure 2.7. Graphs showing Pd (a & c) and Pt (b & d) plotted against MgO for samples 
from the El Abra-Pajonal igneous complex (left hand side; a & b) and for Pual Ridge 
and Niuatahi-Motutahi suites (right hand side; c & d; Park et al., 2013; Park et al., 
2015) as a comparison. Red symbols are intrusions <41 Ma and are related to 
amphibole-dominant fractionation. Star symbols indicate samples are from the El Abra 
porphyry, which is associated with Cu mineralisation. Circles are samples from the 
Dark quartz monzodiorite. Light purple symbols indicate intrusions >41 Ma and are 
related to plagioclase-dominant fractionation. Open symbols show samples that were 
not analysed in duplicate. Dashed lines show Pt trends prior to sulfide saturation, dotted 
lines show Pd and Pt trends after sulfide saturation. Solid vertical lines link duplicate 
samples, see Table 2.1 for more details of duplicate analyses. MDL is the method 
detection limit. 
 
When plotted against age, there is a distinct spike in several elements, for 
example MgO and Pd abundances at 40-41 Ma (Figs. 2.8a & c), which correspond to 
emplacement of the Dark quartz monzodiorite and Central granodiorite intrusions. The 
Dark quartz monzodiorite is the most mafic of the El Abra-Pajonal suite intrusions. 
Samples from the Amphibole series show an increase in Sr/Y ratios plotted with 
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decreasing U-Pb age whereas those from the Plagioclase series show no clear trend (Fig. 
2.8b). 
 
 
Figure 2.8. (a) Whole rock MgO (wt. %), (b) Sr/Y, (c) Pd (ppb) concentrations, and (d) 
Ce+4/Ce+3 ratios plotted against average U-Pb zircon ages for intrusions of the El Abra-
Pajonal igneous complex. Symbols are as for Figure 2.4. 
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2.5 DISCUSSION 
2.5.1 Magmatic evolution 
Although the intrusions that make up the El Abra-Pajonal suite have many similar 
geochemical characteristics, it is unclear if they have formed predominantly from a 
single deeper parent magma that experienced the injection of a more primitive, wetter 
melt followed by mixing of these magmas, or from separate parent magmas that 
followed different fractionation trends. Two distinct series can be recognised, a 
Plagioclase- and an Amphibole-dominant series (Figs. 2.3 to 2.8). Both evolved through 
a combination of fractional crystallisation and assimilation. New magma batches, 
originating from the deeper chamber(s), were periodically injected into a series of short-
lived shallow-crustal chambers, from which our samples were collected. Evidence of 
assimilation, which comes from zircon inheritance and the presence of xenoliths in the 
intrusions, is discussed in more detail in Valente (2008).  
The older Plagioclase series, which includes the Pajonal quartz monzonite, Equis 
monzogranite and Antena aplite, show all the characteristics of plagioclase-dominated 
fractionation: REE patterns with negative Eu anomalies (i.e. decreasing Eu/Eu*) that 
correlate with decreasing Sr/Y (Figs. 2.5c & 2.6b), REE abundances that increase with 
increasing fractionation, with little change in La/Lu, and Al2O3 that decreases with 
increasing SiO2 (Fig. 2.4a). Major and trace element modeling by Valente (2008) 
suggests that pyroxene was the dominant ferromagnesian phase.  The Plagioclase series 
is interpreted to have formed from a relatively dry magma (Annen et al., 2006). 
The younger Amphibole series includes the Dark quartz monzodiorite, Central 
granodiorite, Llareta quartz monzodiorite, Clara granodiorite, El Abra porphyry and 
Lagarto porphyry. It is characterised by HREE that decrease and La/Lu that increases 
with fractionation, small Eu anomalies that decrease with fractionation (Figs. 2.5c & 
2.6a), and Al2O3 that varies little with increasing SiO2 (Fig. 2.4a). This type of 
fractionation is attributed to amphibole-dominated fractionation with little to no 
plagioclase fractionation from a relatively wet magma (Annen et al., 2006; Richards, 
2011a; Chiaradia et al., 2012). The spoon-shaped (concave) HREE patterns displayed 
by these samples are characteristic of amphibole ± titanite fractionation (Ballard, 2001, 
Valente, 2008). 
The exceptions are the Rojo Grande and the Apolo granites, which are clearly 
the product of plagioclase fractionation but are distinctly younger than the other 
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members of the Plagioclase series. Furthermore, they have the distinctive spoon-shaped 
HREE patterns of the Amphibole series and clearly belong to that series.  Valente 
(2008) suggests that the fractionation seen in these samples took place in the upper 
crustal intrusions from which the samples were collected to explain the variable 
composition of samples from the same intrusion, which is appreciably greater than for 
other members of that series.  A drop in pressure, accompanied by loss of water, may 
explain why plagioclase replaced amphibole as the dominant crystallising phase. The 
Apolo granite samples (Fig. 2.6c) have lower REE abundances and show a wider range 
of positive and negative Eu anomalies than all other samples, reflecting a combination 
of plagioclase fractionation and cumulate processes.  
The most primitive magma in the El Abra-Pajonal suite is the Dark quartz 
monzodiorite, which belongs to the Amphibole series. The Dark quartz monzodiorite is 
attributed to the entry of a new pulse of magma into the system. It is not clear whether 
this new pulse entered a deep chamber, which contained magma of the Plagioclase 
series that had been previously been crystallising plagioclase, and mixed with that 
magma to produce a magma with an intermediate Eu anomaly or whether the 
Amphibole series developed in a deeper chamber that was independent of the first 
series. The observation that the most primitive magma of the Amphibole series has the 
strongest Eu anomaly is most simply explained by the former hypothesis. On the other 
hand, the range of REE concentrations seen in the individual intrusions of the 
Plagioclase series shows that much of the fractionations occurred within the sampled 
upper level intrusions. As with the Rojo Grande and Apolo intrusions, loss of water 
during decompression may explain why amphibole crystallisation is unimportant or 
absent in the Plagioclase series. In either case the PGE geochemistry of both series 
needs to be treated separately.  
Amphibole fractionation can be characterised by depletion of elements such as 
Fe, Mg, Ti, Al, Ca, Ni and Y along with depletion of middle-REE (e.g. Dy) (Figs. 2.3 & 
2.4a, Table B1 & Fig. B1 (Appendix B); Bottazzi et al., 1999). Rohrlach (2005) 
proposed that the Sr/Y ratio can be used to measure the relative importance of 
plagioclase versus amphibole fractionation in evolving magmas and therefore used to 
establish if the magmas are hydrous or anhydrous because Sr is preferentially 
partitioned into plagioclase, which is favored by dry magmas, and Y into hornblende, 
which crystallises from wet magmas. Therefore magmatic systems in which amphibole 
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fractionation dominates over plagioclase will produce melts with successively higher 
Sr/Y and La/Yb values (Figs. 2.3h & 2.7c; Rohrlach, 2005; Richards, 2011a). 
Amphibole-dominant fractionation in the deeper parent chamber, which fed the smaller 
higher-level chambers of the Amphibole series samples, is marked by continuously 
increasing La/Dy and La/Yb (Figs. 2.6 & 2.8b) and decreasing Dy, Y, Ni, Fe and Mg 
concentrations. These observations suggest that amphibole fractionation became 
increasingly important in the magmatic system from 41.7 Ma, peaking with the 
emplacement of the Clara granodiorite and the porphyries, which are depleted in 
middle-to heavy-REE and have very little or no Eu anomalies compared with older 
intrusive units of the Amphibole series (Fig. 2.6a). The increasing Eu/Eu* is attributed 
to plagioclase accumulation, which also increases Sr/Y, and the bimodal distribution as 
discriminating between intrusion that accumulated plagioclase phenocrysts, such as the 
Clara granodiorite, El Abra porphyry and Lagarto porphyry, and those that have not, 
which include the Dark quartz monzodiorite and Central granodiorite.  The obvious 
inference of the increasing importance of amphibole in the magma system is that the 
deep parent magma chamber became increasingly hydrous, and so a greater amount of 
water exsolved in the shallow-level chambers, leading eventually to the formation of the 
magmatic hydrothermal fluids that produced the El Abra porphyry mineralisation. 
These trends contrast sharply with those seen in the Plagioclase series, which are 
produced by relatively dry magmas. Note that the higher Sr/Y seen in the Apolo granite 
samples (that have corresponding Eu/Eu* >1) relative to the other granites is due to 
plagioclase accumulation rather than fractional crystallisation. Pyroxene, although only 
seen in trace amounts in the Pajonal quartz monzonite, is also a likely cumulate phase in 
the plagioclase-dominated parent chamber of the intrusions older than 41 Ma. 
2.5.2 PGE-alloy and sulfide saturation 
Samples with MgO >2.5 wt. % show a steady decrease in Pt abundances with 
decreasing wt. % MgO, as is typical of a magma that is saturated with a Pt-rich metal 
alloy, but not with a sulfide melt (Fig. 2.7d; Park et al., 2013). However there is no clear 
trend in Pd for samples with MgO > 2.5 wt. %, which is different from the well-defined 
trends seen in the Paul Ridge and Niuatahi-Motutahi data (Fig. 2.7c). This difference is 
attributed to the Paul Ridge and Niuatahi-Motutahi samples being fine-grained or glassy 
lavas, representing melts, whereas those from El Abra-Pajonal are phenocryst-bearing 
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porphyrytic to phaneritic plutonic rocks collected from shallow level intrusions. 
Evidence of fractionation occurring within individual intrusions (Figs. 2.4, 2.5 & 2.6) 
provides clear evidence that cumulate processes were operating in the deep magma 
chamber. Prior to sulfide saturation, Pd behaves as an incompatible element (Park et al., 
2013) and its concentration in cumulate rock is controlled by a combination of its 
concentration in the melt and the fraction of trapped liquid in the cumulate rock. The 
absence of a clear trend in the El Abra-Pajonal Pd data, due to the expected increase in 
Pd content of the melt (compare Figs. 2.7a & c), may be explained by variations in the 
amount of trapped liquid in the cumulate rocks. Alternatively, lack of a clear trend in 
the pre-sulfide Pd data could be due to subtle magma mixing that cannot be 
unambiguously identified in the major or trace element data. Over the same MgO 
interval Pt follows a well-defined trend because it is precipitating as a cumulus Pt-rich 
alloy and is less affected by the amount of trapped liquid in the rocks. Its decline in 
Figures 2.7b and d is controlled mainly by the declining solubility of Pt in the cooling 
melt. 
Depletion in Pt, without a corresponding decline in Pd, is attributed to alloy 
precipitation (Park et al., 2013, 2015).  The fraction of alloy required to produce the 
observed decline in Pt in samples with MgO >2.5 wt. % is very small (Fig. 2.7b). Since 
the rate of decline of Pt in the melt is low, the bulk partition coefficient must be only 
slightly greater than one. If it is assumed that the alloy contains ca. 85 % Pt, as expected 
for an alloy precipitating from a felsic melt (Park et al., 2013), the fraction of alloy 
needed to produce the observed Pt decline from 700 to 450 ppt (4.2 to 2.7 wt. % MgO) 
is ca. 8 ppb, assuming that 30 % fractionation is required to produce the observed drop 
in MgO. The scatter in duplicate analyses of samples with MgO contents greater than 
2.5 % is greater for Pt than Pd, which is consistent with the existence of a Pt-rich alloy, 
because the presence of these alloys affects the Pt but not Pd concentrations (see Park et 
al., 2013). 
Below approximately 2.5 wt. % MgO, the Pt and Pd concentrations in El Abra 
samples decrease rapidly, which is attributed to the melts reaching sulfide saturation. 
This is best seen in the Amphibole series, the series that gave rise to the ore-associated 
El Abra porphyry. As noted earlier, most of the fractional crystallisation at El Abra is 
interpreted to have occurred in a deep parent magma, which underlay the shallow 
daughter intrusions that were samples for this study, whereas the ore-forming fluids 
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emanated from one of the shallow daughter intrusions, the El Abra porphyry. As a 
consequence, the ore-forming fluids did not have access to the cumulate sulfides in the 
deep parent magma chamber.  In this context it is noted that the cumulus sulfides of the 
Merensky and Platinova Reefs of the Bushveld and Skaergaard intrusions, respectively 
(Barnes & Campbell, 1988, Keays & Tegner, this issue), and Opirarukaomappu 
Gabbroic Complex of Japan (Tomkins et al., 2012) are preserved at depth with no 
evidence of having lost either Cu or Au. Furthermore, if magmatic sulfides were 
contributing to the ore fluid, one might expect a correlation between Cu and Pd. A plot 
of Cu against Pd for the analysed El Abra samples (Fig. A4) showed no such 
correlation.   Finally, plots of Cu (Fig. 2.5b) and Au (not shown) against MgO, prior to 
sulfide saturation (before the appearance of sulfide nuggets), show appreciably more 
scatter than the PGE plots (i.e. do not follow the same trends as the PGE), which 
supports the conclusion that Cu and Au are more mobile than the PGE because Cu and 
Au partition more strongly into the ore fluid and are more affected by hydrothermal 
alteration than the PGE. The decrease in Pt and Pd seen in this series is similar to that 
seen at Pual Ridge and Niuatahi-Motutahi (Fig. 2.7c & d), which is also attributed to 
sulfide saturation (Park et al., 2013a; Park et al., 2015). Once sulfide saturation was 
reached at 2.5 wt. % MgO the Pt concentration of samples fell below the Pt solubility 
curve as obtained by projecting the pre-sulfide Pt solubility curve beyond sulfide 
saturation (Fig. 2.7b). Prior to sulfide saturation at 2.5 wt. % MgO only the Pt data show 
scatter in the duplicate analyses, whereas for samples with <2.5 wt. % MgO both Pt and 
Pd show scatter. This difference is attributed to the presence of an immiscible sulfide 
melt, which sequesters both Pt and Pd, replacing the Pt-rich metal alloy as the nugget 
phase precipitating from the melt.  
The presence of nuggets complicates the interpretation of the post-sulfide 
saturation trend line shown on Figures 2.7a and b.  It means that the analysed samples 
have two components, a solidified melt component and a nugget (or cumulate) 
component.  The post sulfide saturation melt component is best evaluated by drawing 
the trend line through the lowest points to minimise the nugget effect.  This has been 
done here but because there is no certainty that even the low Pt-Pd points contain no 
nuggets, the trend line may have a slope that is lower than the true liquid fractionation 
trend. 
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The disagreement in Pt and Pd values for duplicates from the Plagioclase series 
samples, which is greater than that seen in the Amphibole series, is attributed to a higher 
abundance of sulfide nuggets. The absence of clear trends in this series is also attributed 
to the abundance of nuggets, which makes sampling difficult. Although no trends can be 
recognised the presence of sulfide nuggets requires all samples from the Plagioclase 
series intrusions to have crystallised from a sulfide-saturated melt. 
Significant and conclusive petrographic evidence of PGE-alloys and sulfide melt 
in the El Abra-Pajonal suite samples is lacking because the amount of alloy or sulfide 
required to produce the observed effect is miniscule, which makes them difficult to find 
by optical microscopy. Furthermore most of the alloys and sulfide precipitation is 
postulated to form in an unexposed deeper magma chamber below the sampled shallow 
intrusions. Sulfide melt blebs associated with sulfide saturation in an evolving 
magmatic system have been identified in other intrusive suites, for example the Boggy 
Plains pluton (Park et al., 2013b). In reflected light, yellow inclusions in phenocrysts of 
possible primary origin, which are rare and too small to identify with confidence, occur 
in several of the El Abra-Pajonal suite units (El Abra porphyry, Clara granodiorite, 
Central granodiorite, Dark quartz monzodiorite, Equis monzogranite). These could be 
sulfide melt blebs that may have formed in the deeper magma chamber and been 
incorporated into the sampled high-level intrusions in phenocrysts.  
A sample of the El Abra porphyry, at 1.1 wt. % MgO (Fig. 2.7b) is anomalous 
with very high Pt but only slightly elevated Pd indicating that the anomaly is due to the 
presence of nuggets of Pt-rich metal alloy and not an immiscible sulfide. This 
interpretation is consistent with the marked difference in the Pt duplicates. If the 
anomalous Pt values are due to nuggets they must come from the deep chamber, 
probably as an inclusion in early-formed phenocrysts, because the sample that contains 
them formed well after sulfide saturation. Park et al. (2013) also noted a correlation 
between the presence of phenocrysts and metal alloy nuggets at Pual Ridge. 
The El Abra porphyry Cu deposit formed towards the end of the magmatic 
evolution of the intrusive system. Whole rock MgO values for the El Abra porphyry, 
which is the unit associated with the mineralising event, range from 1.05 to 1.54 wt. %, 
which is at least 1.0 wt. % MgO less than the MgO content at which sulfide saturation 
occurred. In spite of the occurrence of sulfide saturation prior to ore-fluid saturation, Cu 
was available to partition into the ore-fluid phase and form the Cu deposit. This is only 
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possible if the amount of sulfide liquid that formed at sulfide saturation was small. The 
sulfide melt-silicate melt partition coefficient of Cu (102 to 103) is lower than Au (103 to 
104), and much lower than it is for the Pt and Pd (ca. 105-106) (Campbell and Barnes, 
1984; Ripley et al., 2002; Fonseca et al., 2009; Mungall and Brenan, 2014), allowing 
the sulfide liquid to strip the magma of Au and PGE but not Cu. Richards (2005) 
recognised that fractionation of a small amount of sulfide melt would remove Au from 
the silicate melt but not significantly affect the Cu contents, and the results of this study 
are consistent with this hypothesis. Therefore both the timing of sulfide saturation 
relative to ore-fluid saturation and the amount of sulfide melt to precipitate are 
important. Where sulfide saturation preceded ore-fluid saturation it is the amount of 
sulfide melt that formed that controls the Cu and Au content of the melt and therefore 
whether the magmatic system has the potential to produce an ore deposit and, if it does, 
whether the deposit that forms is a Cu-only or Cu-Au. 
Sulfide saturation in porphyry systems is suggested to have occurred at other 
deposits, for example Bajo de la Alumbrera, Argentina, and Bingham Canyon, Utah 
(Keith et al., 1997; Halter et al., 2002; Halter et al., 2005). These studies, along with 
review papers, propose that the sulfide droplets that form at sulfide saturation 
subsequently break down and release the chalcophile elements into exsolving fluids that 
form the porphyry deposits (Richards, 2009, 2011b; Audétat and Simon, 2012; 
Wilkinson, 2013). However, this does not appear to be the case at El Abra, nor for the 
magma chambers that are interpreted to underlie the Pual Ridge and Niuatahi-Motutahi 
volcanics (Fig. 2.7c & d) because in all cases the Pt and Pd abundances fall following 
sulfide saturation in a deeper magma chamber.  In addition there is no correlation 
between Cu and Pd at El Abra (Fig. A4), as would be expected if sulfide droplets broke 
down and released the chalcophile elements into hydrothermal fluids, because the 
amount of sulfide melt that formed in the deeper chamber was very small, removing 
PGE and Au from the melt but not significant Cu, allowing the Cu to partition into the 
hydrothermal fluids that exsolved to form the El Abra porphyry Cu deposit. Leaching of 
Cu could also differentiate Cu from Pd, however, the samples studied here were not 
significantly altered or mineralised in order to minimise this effect. 
Although there are many factors that can influence the nature of porphyry 
mineralisation, our study focuses on the role of sulfide saturation and its impact on 
porphyry Cu ± Au deposits. The geodynamic setting and the alkalinity of the magmas 
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may also play a role in determining Cu:Au ratios in some porphyry systems and have 
been discussed in more detail in Sillitoe (1997) and Richards (2009). Gold-rich 
porphyries are typically associated with more alkaline magmas, for example the Cu-Au 
porphyries in New South Wales, Australia (Wilson et al., 2003; Cooke et al., 2007; 
Lickfold et al., 2007), which form in post-subduction settings. In contrast, Cu-rich 
porphyries are often related to intrusions of weakly alkaline to subalkaline affinities that 
are associated with active subduction (Sillitoe, 2010). The El Abra-Pajonal suite 
intrusions are subalkaline magmas associated with subduction.  
2.5.3 Relative oxidation state of the magmas 
Changes in the Ce4+/Ce3+ in zircon suggest that the magmas of the Amphibole-series 
became more oxidised as the suite evolved (Fig. 2.8d) and the ƒO2 of the suite is 
estimated to be near the sulfide-sulfate transition. These results are consistent with those 
of Ballard et al. (2002) for samples from the same suite (shown as small black crosses 
in Fig. 2.8d). As noted earlier, the oxidation state of the melt has an important influence 
on the solubility of sulfur in melts. The stable species of sulfur in oxidised magmas is 
sulfate, which dissolves readily in silicate melts, whereas in reduced melts the stable 
form is the less soluble sulfide. Late sulfide saturation in the Amphibole series may be 
due to the magma becoming increasingly oxidised with fractionation, and that this 
partially offset the effect of declining temperature in the cooling parent magma chamber 
that is interpreted to underlie the El Abra suite of intrusions. Furthermore, the El Abra 
suite follows a monotonic Fe depletion trend so there is no “magnetite crisis”, which 
leads to a sudden drop in the oxidation state and precipitation of sulfides, as seen in Pual 
Ridge (Jenner et al., 2010). For these reasons the increase in the oxidation state of the 
Amphibole-series melts with fractionation increased the likelihood of them forming an 
economic Cu deposit. 
2.5.4 Sulfide saturation modelling 
The theoretical effects of sulfide saturation have been modeled using the Rayleigh 
fractionation equation and assuming that the partition coefficients (D values) for the 
partitioning of Cu, Au and Pd between immiscible sulfide and silicate melts are 1.5 x 
103, 104 and 2 x 105, respectively (Ripley et al., 2002; Fonseca et al., 2009; Mungall and 
Brenan, 2014). The models assume that the rate of sulfide precipitation increases 
gradually over a 10 % interval, as observed by Keays and Tegner (2015) for Skaergaard, 
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starting at 70 % fractionation, and are shown in Figure 2.9. Note that the rate of decline 
of Cu, Au, and Pd is in order of their partition coefficients, as expected. Although there 
is some uncertainty as to the exact D values they do not affect the conclusions drawn 
here provided the relative order of DCu<DAu< DPd is correct because the differences 
between them are so large (e.g. order of magnitude variations). If the D’s are lower than 
the assumed values, more sulfide precipitation is needed to produce the bulk D’s 
required to explain our data, if they are higher, less sulfide precipitation is required. 
At 80 % fractionation, if the sulfide melt makes up 1 % of the fractionating 
phases, the Cu, Au and Pd content of the melt will be small to negligible (Fig. 2.9). A 
fluid emanating from such a magma would be barren. Alternatively, if the sulfide melt 
makes up 0.3 % of the fractionating phases most of the Au and Pd will be removed but 
only ca. 50 % of the Cu (Fig. 2.9). If ore-fluid saturation again occurred at 80 % 
fractionation, the mineralising fluid would be Cu-rich, Au-poor and would produce Cu-
only mineralisation. If sulfide fractionation is reduced to 0.1 %, the Cu content of the 
melt falls much more gradually following sulfide saturation. However the Au content 
continues to fall rapidly, becoming negligible by 80 %. A fluid forming at 80 % 
fractionation is expected to form a deposit that is richer in Cu than the previous case but 
still Au-poor. This could represent the case at El Abra and can explain why El Abra is a 
Cu only deposit. A Cu-Au deposit will only develop if the amount of sulfide melt to 
form is well below 0.03 % or if ore-fluid saturation occurs before or very soon after 
sulfide saturation. The rate of sulfide melt precipitation is probably controlled by a 
combination of the cooling rate of the magma and the rate at which its oxidation state 
changes. 
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Figure 2.9. Concentrations of Cu (blue), incompatible elements (green), Au (orange), 
and Pd (red) plotted against fractionation with sulfide saturation assumed to occur at 70 
% fractionation for various percentages of sulfide melt formed. Dsulfide melt/silicate melt used 
were 1.5 x 103 for Cu, 104 for Au, and 2 x 105 for Pd (see text for details). Shaded grey 
band indicates 80-90 % fractionation that is used for in text discussion on ore-fluid 
saturation. 
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2.6 CONCLUSIONS 
Mean U-Pb zircon ages and whole-rock and mineral chemistry for the El Abra-Pajonal 
suite intrusions indicate that the El Abra-Pajonal suite evolved in a long-lived, mid- to 
lower-crustal magma chamber over a period from 43 to 35 Ma. New magma batches, 
originating from this mid-crustal chamber, were periodically injected into a series of 
short-lived upper-crustal chambers with a periodicity of approximately one million 
years. Fractional crystallisation and assimilation along with injection of mafic magma at 
41-40 Ma were the key magmatic processes governing the evolution of the El Abra-
Pajonal suite, producing a suite of alkali feldspar granite to quartz monzodiorite 
intrusions. The intrusions older than 41 Ma formed by plagioclase-dominant 
fractionation of relatively dry magmas whereas the younger intrusions of the Amphibole 
series formed by amphibole-dominant fractionation of a wetter magma. The oxidation 
state and water content of the Amphibole-series increased with fractionation; the former 
leading to delayed sulfide saturation and the latter promoting early saturation of a 
hydrothermal fluid.  This combination favored the formation of the fertile magmatic-
hydrothermal fluid associated with formation of the El Abra porphyry Cu deposit. 
Sulfide saturation occurred before ore-fluid saturation during the evolution of the 
El Abra-Pajonal igneous complex. However the system still produced a Cu deposit 
because the rate of immiscible sulfide melt precipitation was very small, enough to strip 
most of the PGE and Au from the silicate melt but only a fraction of the Cu. As a 
consequence, the El Abra-Pajonal igneous complex produced a Cu-rich, Au-poor ore 
body. The timing and extent of sulfide saturation in a porphyry system influences not 
only whether ore mineralisation occurs but may also affect the type of mineralisation 
that forms, whether it is Cu, Cu-Au or PGE-enriched Cu-Au.  
 Grasberg - petrology and geochronology 
45 
CHAPTER 3. GRASBERG – petrology and geochronology 
 
U-Pb zircon geochronology of intrusions of the 
Grasberg-Ertsberg porphyry Cu-Au and skarn region, 
Papua, Indonesia 
 
PREFACE 
 
This Chapter is based on a manuscript to be submitted to Economic Geology that 
incorporates geochronology results of samples from the Grasberg-Ertsberg district, 
Papua, Indonesia, analysed by H. Cocker for this Ph.D. study.  The petrology section 
included in this Chapter is part of another manuscript, which details the geochemistry 
results from Chapter 4. The other co-authors, I. Campbell and C. Leys, assisted with 
field work and sampling, discussions of the data, and reviewed drafts of the manuscript. 
The aim of this study was to date the intrusions of the Grasberg-Ertsberg 
mineralised district by U-Pb aging of zircons to complement the geochemistry results of 
the samples (Chapter 4). 
ABSTRACT 
 
The Grasberg-Ertsberg mineralised district in Papua, Indonesia, contains several 
substantial porphyry Cu-Au and skarn systems, including the world-class Grasberg Cu-
Au deposit. U-Pb isotope ages of zircons were measured by laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) for eight intrusions from the 
Grasberg-Ertsberg district. The weighted average ages range from 2.83 ± 0.03 to 3.56 ± 
0.04 Ma and for the individual intrusions are: Wanagon Sill 3.56 ± 0.04 Ma; Gajah 
Tidur 3.47 ± 0.04 Ma; Dalam 3.45 ± 0.03 Ma; porphyritic dyke (crosscutting Gajah 
Tidur) 3.29 ± 0.04 Ma; MGI 3.24  ± 0.11 Ma; Karume 3.21 ±  0.03 Ma; Kali 3.13 ± 
0.03 Ma; and Ertsberg 2.83 ± 0.03 Ma. These ages indicate that the duration of 
magmatism of the Grasberg-Ertsberg intrusions was 730 ± 50 k.y. 
3.1 INTRODUCTION 
 Grasberg is the largest Au-rich Cu porphyry deposit in the world in terms of 
contained Au and the seventh largest by contained Cu (Cooke et al., 2005; Mudd et al., 
2013). It is part of a porphyry-skarn district in Papua, Indonesia, comprising several 
significant zones of mineralisation associated with multiple intrusions, the most 
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important of which are the Grasberg Igneous Complex (GIC) and the Ertsberg Intrusive 
Complex (EIC). Ore reserves for porphyry and skarn deposits associated with the GIC 
are 7.5 billion tonnes at 0.7% Cu and 0.64 ppm Au whereas those associated with the 
EIC contain 3.6 billion tonnes at 0.6 % Cu and 0.44 ppm Au (Leys et al., 2012). 
Previous dating studies of intrusions, alteration, and mineralisation of the 
Grasberg-Ertsberg district were based on analyses of micas, apatite, and sulfides using 
the K-Ar, Ar-Ar, Re-Os, and U-He methods (McDowell et al., 1996; Weiland and 
Cloos, 1996; Mathur et al., 2000; Mathur et al., 2005; McInnes et al., 2005; Pollard et 
al., 2005).  The results from these studies infer that the intrusions were emplaced at ca. 3 
Ma with the duration of magmatism in the district lasting 1 to 2 million years. More 
recently U-Pb dating of zircons has been undertaken on the Grasberg-Ertsberg intrusive 
units with the results suggesting that magmatism in the immediate area lasted < 1 
million years (Trautman, 2013). The aim of this study is to use U-Pb dating of zircons 
from the various intrusions in the Grasberg-Ertsberg district to further constrain the 
crystallisation ages of the intrusions and duration of magmatic activity in the area, to 
complement a geochemical study of the same samples (Chapter4).  The widespread 
alteration associated with the hydrothermal mineralisation of these intrusions can 
disturb the isotopic systems of other geochronometers, making U-Pb dating of zircons 
the preferred method for determining the igneous crystallisation age of the intrusions.  
Our study differs from the Trautman (2013) study in that both standard and unknown 
zircons were annealed prior to analyses to remove a small but systematic error in ages 
that results from a difference in the ablation characteristics of unannealed zircon (Allen 
and Campbell, 2012). These differences often exceed the quoted analytical error, and if 
the unknown zircons are younger than the standard zircons, the ages obtained will 
normally be younger than the true crystallisation age. 
3.2 GEOLOGICAL SETTING 
The Grasberg-Ertsberg mineralised district is situated in the highlands of the province of 
Papua (formerly Irian Jaya) in Indonesia (Fig. 3.1). The highlands formed from a 
complex collision of the Australian Plate, Pacific Plate, and a number of microplates 
(Simandjuntak and Barber, 1996; Gow et al., 2002; Hill et al., 2002; Cloos et al., 2005).  
Porphyry Cu-Au and skarn deposits in the district are associated with several intrusions 
of the GIC and EIC (Leys et al., 2012, and references therein). The Pliocene Grasberg 
and Ertsberg intrusions were emplaced into siliciclastic and carbonate units of the 
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Cretaceous Kembelangan Group and the Paleocene to Miocene New Guinea Limestone 
Group (Fig. 3.2; MacDonald and Arnold, 1994).  The origin of the magmatism leading 
to the development of the intrusions is debated, with hypotheses including direct 
subduction zone melting, or melting from asthenospheric upwelling following rupture 
of the subducting slab (Dewey and Bird, 1970; Cloos et al., 2005).  Additionally, 
emplacement of magmas into shallower crustal levels and release of magmatic fluids 
may have occurred in areas of local dilation during uplift and erosion following 
collision (Gow et al., 2002; Hill et al., 2002).   The regional stratigraphy is folded and 
faulted (Fig. 3.2), with fold axes and steep reverse and strike-slip faults striking at 
approximately 110 to 120° and crosscut by high angle faults. The structurally created 
weakness zones may have controlled emplacement of the intrusions (MacDonald and 
Arnold, 1994; Rubin and Kyle, 1997; Gow et al., 2002; Hill et al., 2002; Gow and 
Walshe, 2005). 
The Grasberg deposit is hosted within the New Guinea Limestone Group 
(MacDonald and Arnold, 1994).  The pipe-shaped GIC comprises predominantly 
brecciated diorites to quartz monzonites that were emplaced within 1 to 2 km of the 
surface and were covered by associated volcanic flows and domes, which have since 
been removed by mining activity (Weiland and Cloos, 1996; McInnes et al., 2005). 
Plagioclase, hornblende, clinopyroxene, and biotite are the dominant phenocrysts in the 
GIC units (MacDonald and Arnold, 1994; Pollard and Taylor, 2002; Pollard et al., 2005; 
Leys et al., 2012).  Several cycles of intrusion emplacement and hydrothermal 
alteration, each lasting ca. 0.1 Ma or less, formed the GIC (Pollard et al., 2005).  These 
strongly altered intrusive units are, from oldest to youngest, the Dalam, Main Grasberg, 
and Kali intrusions (MacDonald and Arnold, 1994). Hydrothermal alteration is 
texturally destructive and comprises secondary K-feldspar, biotite, barren quartz veins, 
and magnetite to form alteration zones that grade outwards from potassic into sericitic 
and propylitic (Pollard and Taylor, 2002; Leys et al., 2012).  Other intrusions found in 
the vicinity of the GIC include the Gajah Tidur (adjacent to deeper parts of the GIC), 
Ertsberg, Wanagon, Wanagon Sill, Karume, Kay, and North Grasberg intrusive units 
(Fig. 3.2).  Many of these are related to significant zones of porphyry and/or skarn 
mineralisation (Leys et al., 2012). 
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Figure 3.1. Map of Papua, Indonesia, showing location of the Grasberg porphyry 
deposit. 
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Figure 3.2. Geology map of the Grasberg-Ertsberg district showing location of 
intrusions studied here. Map after Leys et al. (2012).  
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Figure 3.3. Local geology map of the Grasberg Intrusive Complex at the 3100 m mine 
level. Modified after Leys et al. (2102). 
 
Previous dating studies place the ages of the North Grasberg and Wanagon 
intrusions at 4.4 to 3 Ma (McDowell et al., 1996; Weiland and Cloos, 1996), the 
Grasberg intrusive complex and related intrusions and mineralisation at 3.5 to 2.4 Ma 
(McDowell et al., 1996; Weiland and Cloos, 1996; Mathur et al., 2000; Mathur et al., 
2005; McInnes et al., 2005; Pollard et al., 2005; New, 2006, as reported in Leys et al. 
 Grasberg - petrology and geochronology 
51 
(2012); Trautman, 2013), the Ertsberg intrusive suite and related mineralisation at 3.3 to 
2 Ma (McDowell et al., 1996; Mathur et al., 2005; Pollard et al., 2005; Trautman, 2013), 
and the Kay and Karume intrusions at 3.2 and 3.1 to 2.8 Ma, respectively (McDowell et 
al., 1996; Trautman, 2013).  
3.3 PETROGRAPHY 
The major petrographic features of the intrusive units of the Grasberg-Ertsberg district, 
based on samples used in this study, are summarised below (for individual sample 
descriptions and locations see Tables C1 and C2 in Appendix C). Hand sample photos 
and thin section scans of samples are catalogued in Table F1 in Appendix F. The 
samples associated with the Grasberg Intrusive Complex are listed first, followed by 
other intrusions in the district.  The samples studied are variably altered, with a variety 
of alteration minerals, and contain variable amounts of hydrothermal sulfide minerals. 
Dalam 
The Dalam suite comprises the oldest of the GIC intrusions (Figs. 3.2 & 3.3).  
Nine Dalam samples analysed in this study include samples of volcanic flows and 
breccia units and intrusions of andesite to diorite composition.  Phenocrysts and 
groundmass are typically intensely altered by sericitic/phyllic and potassic alteration.  
Sulfide mineralisation is common with pyrite, chalcopyrite, and bornite found 
disseminated throughout the samples and in veinlets.  Veinlets of quartz and anhydrite 
occur in some samples. 
Main Grasberg Intrusion 
This intrusive phase of the GIC (Figs. 3.2 & 3.3) comprises quartz diorite to 
quartz monzodiorite and is associated with the main porphyry mineralisation event.  The 
three samples analysed here are moderately to intensely altered to sericitic/phyllic 
and/or potassic assemblages and were collected from stockwork zones from drill core.  
Phenocrysts of feldspars, amphibole, quartz, and secondary biotite are identifiable but 
variably altered, often with corroded cores (Fig. 3.4A).  Minor magnetite occurs 
throughout the samples.  Veinlets of sulfide or quartz, up to 2 mm wide, are ubiquitous.  
Disseminated pyrite, chalocopyrite and bornite are common in varying proportions. 
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Figure 3.4 previous page. Selected photomicrographs of samples used in this study. (A) 
and (B) are Main Grasberg Intrusion (Gras 2) and Kali (Gras 14) samples, respectively, 
showing corroded cores and dissolution surfaces of some plagioclase (plag) crystals. (C) 
Biotite (bio) and feldspars (feld) in a Kali sample (Gras 12). (D) Hornblende (hbl) in a 
Kali sample with some biotite alteration (Gras 20). (E) Amphiboles and feldspars in a 
coarse-grained Early Kali sample (EKL1). (F) Chlorite (chl) alteration of hornblende in 
the porphyritic dyke sample (Gras 24).  (G) Amphiboles, feldspars and pyroxenes (px) 
in an Ertsberg sample (EBG1c). (H) Large feldspars (Kspar & plag) in the Karume 
intrusion (KRM). Some additional photomicrographs of samples are included in 
Appendix C (Figs. C1 to C5). 
Kali 
The Kali dykes are the youngest intrusive units of the GIC and occur in the 
centre of, and extend to the east of, the GIC (Figs. 3.2 & 3.3).  Nine samples from the 
Early Kali (hornblende monzonite to diorite) and Late Kali (biotite monzonite to diorite) 
analysed here are very weakly to moderately altered by propylitic and/or potassic 
alteration.  Plagioclase, hornblende, biotite, alkali feldspar, and quartz occur in varying 
proportions together with accessory zircon and titanite (Figs. 3.4B to E).  Chlorite is the 
main alteration mineral, along with epidote and sericite.  Magnetite occurs in some of 
the samples.  Sulfides, predominantly pyrite, are minor to rare and occur in veinlets or 
as disseminated grains in some samples. 
Gajah Tidur 
This intrusion is found at depth on the southern side of the GIC, below the 
Kucing Liar skarn.  The four studied samples are intensely altered by phyllic, potassic, 
and/or silicified alteration, and contain zones of stockwork.  Phenocrysts are intensely 
altered.  Secondary biotite occurs throughout the samples.  Crosscutting veinlets are 
common and are predominantly quartz, but later anhydrite veinlets crosscut the quartz 
veins and there are also thinner sulfide veinlets of pyrite and chalcopyrite.  One sample 
(Gras18) contains a veinlet of molybdenite.  Minor sulfides are also disseminated 
throughout the samples. 
Porphyritic dyke intrusion 
One sample of a porphyry diorite dyke intrusion was also studied.  The sample is 
representative of a series of dykes that crosscut the Gajah Tidur intrusion and the 
sedimentary units that host that intrusion and is spatially associated with the Idenberg 
No. 1 fault.  Therefore these dykes may be related to the Idenberg dyke intrusions that 
crop out ca. 2 km west of the GIC.  The sample is weakly to intensely altered by phyllic 
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(predominantly partial alteration of plagioclase to sericite) alteration and partial 
alteration of hornblende to chlorite (Fig. 3.4F).  Plagioclase, alkali feldspar, quartz, 
hornblende, and biotite occur throughout the sample, which also contains disseminated 
pyrite, bornite, and chalcopyrite. 
Karume 
The Karume porphyry intrusion crops out between the GIC and Ertsberg 
intrusion (Fig. 3.2).  One sample was analysed here and displays coarse to very coarse-
grained porphyritic textures with cm-scale phenocrysts of plagioclase and alkali feldspar 
and smaller grains of hornblende (Fig. 3.4H).  Minor magnetite occurs throughout the 
samples.  Minor pyrite and chalcopyrite are disseminated through the samples and 
chalcopyrite-bornite veinlets occur locally. 
Ertsberg 
The Ertsberg monzonite to granodiorite intrusion is situated to the south-east of 
the GIC (Fig. 3.2). The fourteen Ertsberg samples selected for this study are weakly to 
moderately altered to propylitic and endoskarn alteration types.  The samples comprise 
phaneritic textured crystals of feldspars, clinopyroxene, and amphibole (Fig. 3.4G; with 
many mafic minerals altered to biotite or chlorite).  Epidote occurs locally.  Magnetite 
occurs throughout the samples in varying proportions.  Disseminated pyrite and 
chalcopyrite are locally minor to abundant and veinlets of pyrite occur in some samples. 
Wanangon Sill 
This monzonite to porphyry intrusion crops out to the south-west of the GIC 
(Fig. 3.2).The three samples analysed in this study are strongly porphyritic and are 
weakly altered by propylitic alteration.  The samples comprise mm- to cm-scale 
phenocrysts of plagioclase with alkali feldspar, hornblende (partially replaced by 
chlorite), biotite, minor magnetite, and accessory zircon.  Minor pyrite and chalcopyrite 
are disseminated through the samples. 
South Wanagon 
The South Wanagon dykes occur to the south of the Wanagon Sill.  Two 
samples analysed here are weakly altered porphyritic quartz monzodiorites with small 
phenocrysts of plagioclase and amphibole with minor magnetite in a fine-grained 
groundmass.  Rare pyrite is observed locally.  
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3.4 SAMPLE SELECTION AND ANALYTICAL TECHNIQUES 
Samples from intrusions of the GIC, Karume, Ertsberg, Wanagon, and Wanagon Sill 
were obtained from drill core.  Samples were targeted distal to ore to minimise the 
effects of alteration and mineralisation on the samples.  Samples from the GIC overall 
were more altered and mineralised than samples of the other intrusions. 
Zircon separation was undertaken on 29 samples.  Approximately 2 kg of rock 
was coarse crushed in a jaw crusher and then finely crushed in a tungsten carbide ring 
mill.  The crushed samples were passed through a 275 µm mesh sieve and any coarse 
material was re-crushed and sieved.  The finely crushed material was deslimed and 
dried to produce a sample of sand-sized grains for mineral separation.  Zircon was 
separated form each sample using standard heavy liquids and magnetic separation 
techniques.  Felsic/light minerals were separated from mafic and heavy minerals in 
tetrabromoethane (SG = 2.96).  Magnetite was separated from the heavy fraction with a 
hand magnet.  The heavy fraction was then further separated in methylene iodide (SG = 
3.3).  The heaviest fraction from the second heavy liquid separation was then put 
through a FRANTZ at different currents for further magnetic separation to and separate 
the zircon from titanite and sulfides.  Zircons were then hand picked using a binocular 
microscope from the final mineral fraction.   
The zircons of the samples and standards (Temora 2 and R33 zircons (Black et 
al., 2004)) were annealed in a furnace for 48 hours at 900°C (Allen and Campbell, 
2012) and then mounted and polished.  Cathodoluminesence (CL) images were taken of 
each zircon to assess zoning of the crystal and to allow for targeting of magmatic rim 
areas and help avoid inherited cores during analysis.  Samples with a sufficient 
abundance of zircons had a portion of zircons with suitable crystal faces tape mounted 
for analysis.  This allows the surface of the grain (i.e. the youngest part) to be analysed 
directly and therefore avoiding older cores.  However, these tape-mounted grains cannot 
be CL imaged and so zoning information can only be obtained from down hole 
variations in U/Pb.  The zircons were then analysed by laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) at The Australian National University 
on a pulsed Lambda Physik COMPex 110 193 nm Excimer Laser with an ANU-
designed HelEx ablation cell and an Agilent 7700 ICP-MS.  The zircons were analysed 
by spot analysis with a spot size of 37 µm at a pulse rate of 5 Hz for an ablation time of 
40 seconds.  NIST 612, two Temora 2 zircons, one R33 zircon, and ten unknown 
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zircons were analysed in rotation for polished mounted grains and NIST 612, two 
Temora 2 zircons, and ten unknown zircons in rotation for tape mounted grains.  The 
analysed isotopes were 29Si, 206Pb, 207Pb, 208Pb, 232Th, and 238U.  The primary calibration 
standard used for calculating U/Pb ages was Temora 2.  R33 zircons were used as a 
secondary reference material.  A NIST 612 glass was used as a primary standard for the 
trace element analysis. 
The LA-ICP-MS data was reduced using the software package Iolite  (Paton et 
al., 2011).  A common Pb correction based on Andersen (2002) was corrected for in the 
VizualAge data reduction scheme in Iolite (Petrus and Kamber, 2012).  A Th 
disequilibrium correction was used to further correct the U-Pb age data and is based on 
the equation by Schärer (1984) and discussed further in Parrish (1990), Schoene (2013), 
Sakata et al. (2013), and Guillong et al. (2014).  The Th disequilibrium correction is 
used for young zircons (typically < 7 Ma) to correct for a deficit of Pb caused by U-Th 
fractionation between the mineral and the magma during crystallisation. For zircons 
older than 1 Ma there is no difference in the Th disequilibrium correction whether the 
equation of Schärer (1984) or Sakata et al. (2013) is used, as discussed in Guillong et al. 
(2014). The Schärer (1984) equation was used in this study.   
3.5 RESULTS 
Zircons in all samples were typically pink, euhedral, and zoned (Fig. 3.5).  Nine of the 
29 samples had no zircons or too few grains for dating and were excluded from further 
analysis.  The weighted average ages (Ma) for each sample were calculated using 
Isoplot (Ludwig, 2012) are shown in Table 3.1. Detailed results of individual zircons are 
listed in Tables C3 and C4 in Appendix C. Individual zircon results that were >10 Ma 
were considered inherited or showing a mixed age, as based on down hole U/Pb 
profiles, and were not subjected to statistical analysis.  Automatic outlier rejection was 
selected in Isoplot calculations of weighted means so zircons older than 4 Ma are 
typically not included as their inclusion drives up MSWD.  Propagated errors were 
calculated to include the errors in the raw data, the Th correction, and the long-term 
reproducibility of the Temora2 zircon standard. The tape mounted and polished zircon 
populations for samples that were mounted both ways produced weighted average ages 
that were within error of each other, thus the tape mounted and polished zircon data 
were combined for each sample to give a cumulative weighted mean.  The final 
intrusion ages reported below are based on 206Pb/238U ratios that were corrected for 
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common Pb and for Th disequilibrium (see Schärer (1984), Parrish (1990), Andersen 
(2002), Chiaradia et al. (2013) and Schoene (2013) for further details and discussion of 
these corrections).  The ages are weighted means of those points judged to be 
concordant, and to be primary magmatic ages. Temora 2 was used as the primary 
standard and R33 as a monitor. They returned common Pb corrected weighted 
206Pb/238U average ages of 415.86 ± 0.72 Ma (n = 133) and 417.8 ± 1.9 Ma (n = 37) 
(errors are 95 % conf.), respectively.  These are close to or within error of the data 
published by Black et al. (2004) that reports ages of 416.78 ± 0.33 Ma and 419.26 ± 
0.39 Ma, respectively, but due to the small offset all sample ages were calibrated to the 
published age for the Temora 2 standard. 
Tera-Wasserburg concordia (207Pb/206Pb against 238U/206Pb) and cumulative 
probability plots for zircons from each sample are shown in Figure 3.6. The concordia 
results are not corrected for Th disequilibrium. Concordia ages for the GIC range from 
2.90 ±  0.06 to 3.49 ± 0.08 Ma, Karume returned an age of 3.10 ± 0.04 Ma, Wanagon 
3.44 ± 0.06 Ma, and two Ertsberg samples gave ages of 2.62 ± 0.10 and 2.76 ± 0.04 Ma. 
Weighted average ages for the samples from the GIC (Gras labeled samples) range from 
3.01 ± 0.04 to 3.58 ± 0.08 Ma.  Two Ertsberg samples returned ages of 2.73 ± 0.05 and 
2.88 ± 0.03 Ma, one Karume sample has an age of 3.21 ± 0.05 Ma and one Wanagon 
sample an age of 3.56 ± 0.04 Ma.  These ages are similar to previously published ages 
for intrusions in the Grasberg-Ertsberg region (McDowell et al., 1996; Weiland and 
Cloos, 1996; Mathur et al., 2005; McInnes et al., 2005; Pollard et al., 2005).  Sample 
EBG1 gives a combined weighted average that is slightly younger than the individual 
polished or tape mounted samples because the weighted average calculation 
automatically rejected two additional zircons (see EBG1 in Table C3 in Appendix C). 
Combining results for the samples from the same intrusions, dated for this study, gives 
weighted mean ages of, oldest to youngest; Wanagon Sill 3.56 ± 0.04 Ma, Gajah Tidur 
3.47 ± 0.04 Ma, Dalam 3.45 ± 0.03 Ma, Tpi (porphyritic dyke) 3.29 ± 0.04 Ma, MGI 
3.24  ± 0.11 Ma, Karume 3.21 ±0.03 Ma, Kali 3.13 ± 0.03 Ma, and Ertsberg 2.83 ±0.03 
Ma (Table 3.1 and Fig. 3.7).  The total age range of the Grasberg-Ertsberg intrusions is 
therefore 730 ± 50 k.y. 
 
Grasberg – petrology and geochronology 
58 
 
 
Figure 3.5. Cathodoluminesence images of selected zircons. Sample abbreviations are 
Gras GIC, EBG  Ertsberg, KRM Karume. 
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Table 3.1. Weighted average ages for each sample of the Grasberg-Ertsberg intrusions. 
Results for individual zircons, including uncorrected, common Pb corrected, and Th 
disequilibrium corrected ratios are included in Tables C3 and C4 in Appendix C. 
Sample Intrusion   Age (Ma)1 n 
EBG1 Ertsberg polished mount 2.76 ± 0.08 21 of 24 
    tape mount 2.74 ± 0.07 37 of 47 
    cumulative weighted average 2.73 ± 0.05 56 of 71 
EBG4 Ertsberg polished mount 2.88 ± 0.06 14 of 17 
    tape mount 2.88 ± 0.04 33 of 40 
    cumulative weighted average 2.88 ± 0.03 47 of 57 
Gras11 Kali polished mount 3.01 ± 0.04 31 of 42 
    tape mount 3.01 ± 1.40 2 of 4 
    cumulative weighted average 3.01 ± 0.04 33 of 46 
Gras22 Kali polished mount 3.13 ± 0.07 20 of 24 
    tape mount 3.08 ± 0.10 9 of 14 
    cumulative weighted average 3.12 ± 0.05 29 of 38 
Gras14 Kali   3.21 ± 0.07 8 of 10 
Gras20 Kali   3.24 ± 0.10 13 of 17 
Gras12 Kali   3.25 ± 0.05 15 of 30 
Gras2 Main Grasberg Intrusion   3.16 ± 0.08 7 of 12 
Gras4 Main Grasberg Intrusion   3.28 ± 0.18 11 of 14 
KRM Karume polished mount 3.22 ± 0.04 24 of 28 
    tape mount 3.18 ± 0.05 36 of 40 
    cumulative weighted average 3.21 ± 0.03 60 of 68 
Gras24 Tpi (porphyry dyke)   3.29 ± 0.04 35 of 42 
Gras1 Dalam volcanic   3.39 ± 0.10 13 of 16 
Gras10 Dalam diorite/fragmental andesite 3.43 ± 0.06 23 of 29 
Gras7 Dalam andesite/fragmental 3.48 ± 0.15 5 of 10 
Gras5 Dalam andesite/fragmental 3.50 ± 0.06 19 of 34 
Gras16 Gajah Tidur   3.37 ± 0.09 14 of 20 
Gras18 Gajah Tidur   3.42 ± 0.06 34 of 40 
Gras17 Gajah Tidur   3.48 ± 0.10 19 of 40 
Gras15 Gajah Tidur   3.58 ± 0.08 18 of 30 
WNG Wanagon polished mount 3.58 ± 0.05 11 of 22 
    tape mount 3.52 ± 0.09 9 of 16 
    cumulative weighted average 3.56 ± 0.04 20 of 38 
Reported errors are a combined error from the 2SE errors of the raw data, corrected data, and 
standards 
1calibrated to Temora2 (Black et al., 2004) 
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Figure 3.6. 207Pb/206Pb against 238U/206Pb concordia (Tera-Wasserburg plots) and 
cumulative probability graphs showing the weighted average ages of zircon populations 
from each sample of zircons < 10 Ma. Open symbols show analyses not included in any 
age calculation due to inheritance/mixed ages, discordance, or rejected as an outlier by 
the weighted average age calculation or the cumulative probability graph.  
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Figure 3.6. Continued.
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Figure 3.6. Continued.
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Figure 3.6. Continued.
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Figure 3.6. Continued. 
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Figure 3.7. U-Pb ages of zircons combined from multiple samples for each intrusion of 
the Grasberg-Ertsberg district studied here. 
 
3.6 DISCUSSION 
The U-Pb zircon ages calculated in this study are in overall agreement with age data and 
relationships observed in previous studies (Table 3.2; Table C5 in Appendix C; Fig. 
3.8).  Discrepancies between ages are predominantly caused by the different dating 
methods implemented.  For example, Re-Os ages of sulfide material indicate the age of 
mineralisation, rather than the age of the magmatic intrusion, so these Re-Os ages tend 
to be younger than other methods (Mathur et al., 2000; Mathur et al., 2005). Apatite 
fission track ages (Weiland and Cloos, 1996; numbered 7 to 9 in Fig. 3.8) give wide age 
ranges, in part reflecting the extremely low closure temperature of this method (ca. 100-
110°C) compared to Ar-Ar in muscovite, biotite, or potassium feldspar (ca. 200-400°C) 
and U-Pb in zircon (ca. 800-900°C) (Chiaradia et al., 2013). 
Unlike this study, previous U-Pb zircon studies did not anneal the zircons prior 
to analysis or incorporated a Th disequilibrium correction to the results. Zircons that are 
not annealed can produce inaccurate ages relative to the standard, whilst annealing both 
the target and reference calibration zircons removes the differences that arise from 
variations in alpha-dose radiation damage (Allen and Campbell, 2012).  If the zircons to 
be dated are younger than the standard zircons, as is the case for this study, the ages 
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obtained will be younger than the true crystallisation age. On the other hand the Th 
disequilibrium corrections produce ages that are slightly older than the non-Th-
corrected data, with the correction increasing the ages by up to 3.7 %.  As a 
consequence the two sources of error tend to cancel each other.  Where there is a 
difference between the dates reported here and those reported by Trautman (2013), 
which lies outside analytical uncertainty, our dates are older suggesting that failing to 
anneal zircons in the principal source of error in the Trautman (2013) data. The other 
main difference between this and previous studies is that here the final ages were 
calculated using a weighted average, whereas Trautman (2013) reports concordia ages. 
The concordia ages for our results are systematically younger than, but within error of, 
the weighted average ages calculated for the same data set for all but four samples. 
The individual Kali samples give a wider range of ages than the other intrusions 
(Table 3.1), several of which are not within error of each other. This is because the Kali 
intrusive phase comprises multiple dyke intrusions and the samples are from different 
parts of the intrusions. Discrepancies in the labelling of sub-phases of the Kali intrusive 
sequence make it difficult to accurately assign “Early Kali” or “Late Kali” to some of 
the samples and so all are called Kali with no further divisions. 
Zircon U-Pb ages reflect the ages of the magmatic intrusions rather than the 
alteration or mineralisation of the hydrothermal systems that followed.  The results from 
this study show that, from the intrusions studied, the Wanagon Sill is the oldest, 
followed by the intrusions of the GIC, and the Ertsberg intrusion formed last.  The 
Karume and porphyry dyke (Tpi) intrusions formed within the same time period as the 
GIC, which formed over a period of 570 ± 41 k.y.  There is substantial overlap in the 
ages between the MGI and Kali intrusions of the GIC. The Gajah Tidur intrusion, which 
occurs deep beneath the GIC, produced U-Pb zircon ages that significantly overlap 
those from the Dalam intrusion.  This relationship has been recognised in previous 
studies (e.g. Trautman, 2013). The ages of the oldest (Wanagon) to youngest (Ertsberg) 
intrusions studied here suggest that the duration of magmatism of the Grasberg-Ertsberg 
intrusions was 730 ± 50 k.y. 
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Table 3.2. Comparison of age results of previous studies with this study. 
Intrusion 
Age (Ma): Re-Os 
(sulfides) or Apatite 
fission track (*) or 
Apatite U/He (#) 
Age (Ma): 
40Ar/39Ar or          
K-Ar (*) of micas 
Age (Ma) Age (Ma) 
U-Pb zircon  U-Pb zircon 
(this study) 
Small plug south of 
GIC 
  * 4.44 ± 0.1     
Wanagon area   * 3.81 to 3.46   3.56 ± 0.04 
North Grasberg * 3.4 ± 0.8 * 3.50 to 3.04     
Kucing Liar (skarn) / 
Gajah Tidur 
3.01 ± 0.02 3.42 to 3.28;  
3.2 to 3.18;      
3.28 ± 0.04;            
3.41 ± 0.03;         
3.45 ± 0.06;     
3.18 ± 0.02 
3.28 ± 0.08 3.47 ± 0.04 
GIC 2.9 ± 0.3; 2.88 ± 0.02; 
* 3.5 to 2.4;                 
# 3.1 to 2.9 
      
-  Dalam and MGI   3.33 to 3.19     
-  Dalam     3.4 ± 0.12 3.45 ± 0.03 
-  MGI     3.12 ± 0.09 3.24 ± 0.11 
-  Kali  3.16 to 3.06  3.13 ± 0.03                
Plagioclase dike     3.24 ± 0.18   
Pliocene porphyritic 
dike (Tpi) 
    3.18 ± 0.11 3.29 ± 0.04 
Post-Kali   3.06 to 3.01     
Karume   * 3.13 ± 0.09 2.78 ± 0.24 3.21 ± 0.03 
Kay     3.2 ± 0.07   
Ertsberg 2.54 ± 0.02;                 
* 3.3 to 2.0 
2.71 to 2.59;  
* 3.09 to 2.65 
2.77 ± 0.15 2.83 ± 0.03 
Data from McDowell et al. (1996), Weiland and Cloos (1996), Pollard et al. (2005), Mathur et 
al. (2000; 2005), McInnes et al. (2005), New (2006) as reported in Leys et al. (2012), Trautman 
(2013), this study. 
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Figure 3.8. Comparison of results with previous studies, as follows: 1-6 from 
McDowell et al. (1996), 7-9 from Weiland and Cloos (1996), 10 from Mathur et al. 
(2000), 11-13 from Mathur et al. (2005), 14 from McInnes et al. (2005), 15-19 from 
Pollard et al. (2005), 20-22 from New (2006) as reported in Leys et al. (2012) and 23-30 
from Trautman (2013). 
 
 
3.7 CONCLUSIONS 
Ages from U-Pb zircon dating for the samples from the Grasberg-Ertsberg intrusions 
range from 2.83 ± 0.03 to 3.56 ± 0.04 Ma.  Ages for individual intrusions from this 
study are: Wanagon Sill 3.56 ± 0.04 Ma; Gajah Tidur 3.47 ± 0.04 Ma; Dalam 3.45 ± 
0.03 Ma; Tpi (porphyritic dyke) 3.29 ± 0.04 Ma; MGI 3.24  ± 0.11 Ma; Karume 3.21 ±  
0.03 Ma; Kali 3.13 ± 0.03 Ma; and Ertsberg 2.83 ± 0.03 Ma. These ages indicate that 
the duration of magmatism of the Grasberg-Ertsberg intrusions was 730 ± 50 k.y. 
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CHAPTER 4. GRASBERG - geochemistry 
 
Platinum group element geochemistry of intrusions of 
the Grasberg-Ertsberg porphyry-skarn Cu-Au district, 
Papua, Indonesia: implications of late sulfide 
saturation in evolving porphyry systems 
 
PREFACE 
 
This Chapter is based on a manuscript to be submitted to Economic Geology that 
incorporates petrological and geochemical results of samples from the Grasberg-
Ertsberg district, Papua, Indonesia, analysed by H. Cocker for this Ph.D. study.  The 
petrology section is included in Chapter 3 while the geochemistry and PGE sections are 
included in this Chapter. The other co-authors, I. Campbell and C. Leys, assisted with 
field work and sampling, discussions of the data, and reviewed drafts of the manuscript. 
The aim of this study was to use the abundances of Pt and Pd to identify the 
timing of sulfide saturation, relative to fluid saturation, in an evolving magmatic system 
that produced a porphyry Cu-Au-(Pd) deposit. 
ABSTRACT 
 
Why some porphyry deposits are Cu-only whilst others are Cu-Au or even Cu-Au-Pd 
remains unresolved but sulfide saturation during the magmatic evolution of porphyry 
systems is emerging as an important control on chalcophile element fertility. Platinum 
group elements (PGE) have extreme sulfide melt-silicate melt partition coefficients that 
make them sensitive indicators of the timing of sulfide saturation in an evolving 
magmatic system. This study reports PGE and Re concentrations of intrusions from the 
Grasberg-Ertsberg porphyry-skarn Cu-Au district, Papua, Indonesia, which suggest that 
sulfide saturation did not occur during magmatic evolution of the intrusions, and so Cu, 
Au, and PGE were concentrated by fractional crystallisation and partitioned into the 
mineralising fluid.  This is in contrast to the intrusions of the El Abra-Pajonal suite and 
porphyry Cu deposit, Chile, where a rapid drop in Pt and Pd abundances indicates that 
sulfide saturation started before ore-fluid saturation. However, at El Abra, a porphyry 
Cu deposit was still able to form because the amount of sulfide melt that formed was 
small, stripping the magma of most of its Au and PGE but little Cu.  Sulfide saturation 
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therefore has a governing control over both the availability of the chalcophile elements 
to partition into the hydrothermal ore-fluid phase and the type of porphyry 
mineralisation that forms, i.e. Cu, Cu-Au, or Cu-Au-(Pd). 
4.1 INTRODUCTION 
The ability of arc-related magmas to form Cu ± Au ± Pd deposits or remain barren is a 
much discussed but still unresolved problem in ore deposit theory.  Initial source 
abundances, fractionation of particular phases, and melting of certain crustal rocks 
could all influence chalcophile element concentrations in evolving magmas. However, 
here the focus is on the relationship between sulfide saturation in deep parent magma 
chambers that are thought to underlie all or most porphyry systems (Sillitoe, 2010) and 
the fertility of those systems. Sulfide saturation in arc-related magmatic systems has 
been identified as a potentially important control on chalcophile element fertility in 
fractionating magma systems (e.g. Park et al., 2013a; Jenner et al., 2015; Park et al., 
2015).  If sulfide saturation occurs in a high-level secondary chamber the sulfide 
minerals that precipitate from the melt may later beak down and release their 
chalcophile elements into the ore fluid (Keith et al., 1997; Halter et al., 2002; Halter et 
al., 2005; Richards, 2009; Audétat and Simon, 2012; Wilkinson, 2013). However, if 
sulfide saturation occurs in a deeper parental magma chamber, the chalcophile elements 
are stripped from the silicate magma and become “trapped” in sulfides within cumulate 
rocks and are unable to partition into the ore-forming hydrothermal fluid (Cocker et al., 
2015). 
The extreme silicate melt-sulfide melt partition coefficients of platinum group 
elements (PGE; Ru, Rh, Pd, Os, Ir, Pd) relative to other chalcophile elements make PGE 
highly sensitive indicators of sulfide saturation. Furthermore, the solubility of the PGE 
in hydrothermal fluids is extremely low so that they are less affected by later 
hydrothermal overprinting than Cu or Au (Park et al., 2016). Recent studies of arc suites 
have used sudden changes in PGE abundances to identify the timing of sulfide 
saturation (Park et al., 2013a; Park et al., 2013b; Park et al., 2015). These studies, along 
with other non-PGE related studies of sulfide saturation, pertain to rock suites that 
exhibit initial Fe-enrichment trends, which lead to magnetite crystallisation that 
produces a sudden drop in the oxidation state of the magma, which in turn triggers 
sulfide saturation (i.e. the “magnetite crisis”; Jenner et al., 2010; Jenner et al., 2015). In 
contrast, a comprehensive PGE study of a felsic suite showing a Fe-depletion trend, 
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associated with El Abra, a porphyry Cu deposit in northern Chile, demonstrated how 
sulfide saturation can occur in the absence of magnetite saturation and a Cu-only 
porphyry also form (Cocker et al., 2015).  Furthermore, the El Abra study showed that 
sulfide saturation can be a major factor in controlling the type of mineralisation (i.e. Cu 
± Au ± Pd) that develops. PGE geochemistry was used to show that although sulfide 
saturation occurred in a deep parental chamber below the El Abra-Pajonal suite, the 
magma was still able to produce a significant Au-poor porphyry Cu deposit.  This is 
because the amount of sulfide melt that formed at sulfide saturation was small; enough 
to strip the silicate magma of PGE and Au but not enough to remove significant Cu 
from the melt.  As a consequence, enough Cu remained in the silicate melt to partition 
into the hydrothermal fluid and form the deposit. 
If the hypothesis suggested by Cocker et al. (2015) to explain why the El Abra-
Pajonal system produced a Cu-only deposit is correct, the formation of a Cu-Au 
porphyry deposit requires either, (i) sulfide saturation in the parent magma chamber to 
occur after exsolution of the ore-forming fluid, or (ii) if sulfide saturation occurred first, 
the amount of sulfide melt to form must be appreciably less than for El Abra. The aim 
of this study is to test this hypothesis by using PGE abundances to identify the timing of 
sulfide saturation in the evolving magmatic system that gave rise to the super-giant 
Grasberg Cu-Au-(Pd) porphyry deposit and to compare the results to those obtained 
from the Cu-only El Abra porphyry deposit. 
4.2 GEOLOGICAL SETTING 
The Grasberg deposit, Papua (Irian Jaya), Indonesia (Figs. 3.1 & 3.2), is a high-grade 
Cu-Au porphyry system; the largest porphyry deposit by contained Au and the seventh 
largest by contained Cu in the world (Cooke et al., 2005; Mudd et al., 2013).  Open-pit 
and developing block-cave mining has exposed the main intrusive units of both the 
Grasberg Igneous Complex (GIC) and other surrounding intermediate-felsic intrusive 
units. Deposits related to the Grasberg intrusions contain ca. 7.5 billion tonnes of ore 
grading at 0.70 % Cu and 0.64 ppm Au (Leys et al., 2012).  Detailed production and 
reserve data for each of the Ertsberg-Grasberg district deposits can be found in Leys et 
al. (2012). 
The Grasberg-Ertsberg deposits are situated in the highlands of the province of 
Papua, Indonesia, which formed from the complex collision of the Australian Plate, 
Pacific Plate, together with a number of microplates (Simandjuntak and Barber, 1996; 
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Gow et al., 2002; Hill et al., 2002; Cloos et al., 2005).  The Ertsberg-Grasberg 
mineralised district contains Cu-Au (± Mo) porphyry and Cu skarn deposits related to 
intrusions of the Grasberg Igneous Complex (GIC) and the Ertsberg Intrusive Suite 
(Fig. 3.2): Grasberg porphyry, Kucing Liar skarn, Ertsberg East skarn and porphyry, 
Ertsberg skarn, Big Gossan skarn, and Dom skarn (Leys et al., 2012). 
The Pliocene Grasberg and Ertsberg intrusions were emplaced into siliciclastic 
and carbonate units of the Cretaceous Kembelangan Group and the Paleocene to 
Miocene New Guinea Limestone Group (Fig. 3.2; MacDonald and Arnold, 1994).  The 
origin of the magmatism leading to the development of the intrusions is debated, with 
hypotheses including direct melting of the subduction zone mantle wedge, or melting 
from asthenospheric upwelling following rupture of the subducting slab (Dewey and 
Bird, 1970; Cloos et al., 2005).  Additionally, emplacement of magmas into shallower 
crustal levels and release of magmatic fluids may have occurred in areas of local 
dilation during uplift and erosion following collision (Gow et al., 2002; Hill et al., 
2002). The regional stratigraphy is folded and faulted (Fig. 3.2), with fold axes and 
steep reverse and strike-slip faults striking at approximately 110 to 120° and crosscut by 
high angle faults. The structurally created weakness zones may have controlled 
intrusion emplacement (MacDonald and Arnold, 1994; Rubin and Kyle, 1997; Gow et 
al., 2002; Hill et al., 2002; Gow and Walshe, 2005). 
The Grasberg porphyry deposit is hosted within the New Guinea Limestone 
Group (Fig. 3.3; MacDonald and Arnold, 1994).  The pipe-shaped GIC consists 
predominantly of brecciated diorite to quartz monzonite intrusions that were emplaced  
within 1 to 2 km of the surface and were covered by associated volcanic flows and 
domes that have since been removed by mining activity (Weiland and Cloos, 1996; 
McInnes et al., 2005). Plagioclase, hornblende, clinopyroxene, and biotite are the 
dominant crystallising phases within the GIC units (MacDonald and Arnold, 1994; 
McMahon, 1994; Pollard and Taylor, 2002; Pollard et al., 2005; Leys et al., 2012).  
Several cycles of intrusion emplacement and hydrothermal alteration, each lasting 
approximately 0.1 Ma or less, formed the GIC (Pollard et al., 2005).  These strongly 
altered intrusive units are, from oldest to youngest, the Dalam, Main Grasberg, and Kali 
intrusions (Fig. 3.3; MacDonald and Arnold, 1994). Hydrothermal alteration is 
texturally destructive and comprises secondary K-feldspar, biotite, barren quartz veins, 
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and magnetite to form alteration zones that grade outwards from potassic into sericitic 
and propylitic (Pollard and Taylor, 2002; Leys et al., 2012). 
The disseminated and stockwork Cu-Au mineralisation at Grasberg occurred 
after emplacement of the Main Grasberg Intrusion (MacDonald and Arnold, 1994; 
Mathur et al., 2000; Mathur et al., 2005; Pollard et al., 2005; Leys et al., 2012). The 
Grasberg deposit hosts multiple mineralisation events (Graham et al., 2004).  The 
highest Cu-Au concentrations occur in the central quartz stockwork of the GIC.  
Following the main chalcopyrite-bornite Cu-Au mineralisation there was a phase of 
predominantly pyrite mineralisation, which makes up the deeper heavy sulfide zone in 
the periphery of the GIC.  Later high sulfidation Cu-rich mineralisation occurs in 
association with sericitic-argillic alteration. The multistage nature of the intrusions-
alteration cycles and mineralisation creates complex overprinting patterns.  Gold (native 
Au and electrum) in the Grasberg-Ertsberg porphyry-skarn district occurs as rims on 
bornite, as inclusions in chalcopyrite and bornite, and fills open space in some quartz 
veins.   Native Au from Grasberg can be divided into grains that contain no detectable 
Pd and grains that are Pd-bearing (with a mean value of 1800 ppm Pd and a maximum 
value of 3500 ppm Pd; Rubin and Kyle, 1997). The distribution of Au in Grasberg 
appears to be related to its exsolution from Cu-sulfides (Kyle et al., 2008).   
Other intrusions found in the vicinity of the GIC include the Gajah Tidur 
(adjacent to deeper parts of the GIC), Ertsberg, Wanagon, Wanagon Sill, Karume, Kay, 
and North Grasberg intrusive units (Fig. 3.2).  Many of these are related to significant 
zones of porphyry and skarn mineralisation (Leys et al., 2012). Chalcopyrite is the main 
ore mineral associated with these intrusions, with local occurrences of bornite, covellite, 
and supergene Cu minerals.  The ore mineralisation predominantly occurs in zones of 
potassic alteration or in prograde skarns.  Molybdenite, pyrite, pyrrhotite, arsenopyrite, 
and enargite also occur locally.  Skarn mineralisation is controlled by intrusive-
sedimentary contacts, the geochemistry of the host sedimentary units and faults. 
Ages of the intrusions, alteration, and mineralisation of samples from the 
Ertsberg-Grasberg district have been analyzed by various methods in previous studies.  
Briefly, the GIC and Gajah Tidur (formerly Tikl) formed ca. 3 Ma with the North 
Grasberg and Wanagon intrusions < 0.5 m.y. older and the Ertsberg intrusives and 
mineralisation < 0.5 m.y. younger (McDowell et al., 1996; Weiland and Cloos, 1996; 
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Mathur et al., 2000; Mathur et al., 2005; McInnes et al., 2005; Pollard et al., 2005; 
Trautman, 2013).  
4.3 SAMPLE SELECTION AND ANALYTICAL TECHNIQUES 
Forty-seven drill core samples of the GIC, Gajah Tidur, Ertsberg, Karume, Wanagon, 
and Wanagon Sill intrusions were obtained from PT Freeport Indonesia.  Fresh to 
weakly altered samples were obtained where possible but many samples of the GIC 
intrusions selected for analyses were unavoidably moderately to intensely altered. 
Approximately 100 to 200 g of each sample were crushed then milled in an agate mill to 
minimise PGE contamination.  A representative piece of each sample was retained for a 
hand sample and part of this was used to make a polished thin section.  A brief outline 
of the analytical methods is given below, with more detailed descriptions in Appendices 
A and D. 
Whole rock major element analyses were obtained using the fusion bead X-ray 
fluorescence (XRF) method at Geoscience Australia.  The standard method used at 
Geoscience Australia was modified by pouring the molten samples from the crucibles 
into moulds that were pre-heated in the furnace to minimise problems of the samples 
sticking to the crucibles due to the elevated S and metal contents of some of the 
samples.  Rock standard powders of NIM-G (SARM-1, Bushveld granite) and DR-N 
(diorite, France) were used as reference materials and analysed using the same method.  
The glasses were analysed using a Bruker D8 XRF. The same fused glasses were then 
used for whole rock trace element analysis by laser ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS) at The Australian National University on a pulsed 
Lambda PhysikCOMPex 110 193 nm Excimer Laser with an ANU-designed HelEx 
ablation cell and an Agilent 7700 ICP-MS. 
Whole rock PGE and Re abundances were determined by the modified NiS fire 
assay isotope dilution method described by Park et al. (2012b). The solutions were 
analysed by a single collector Agilent 7700 ICP-MS at the Australian National 
University.    The method detection limit, taken as three standard deviations of the 
procedural blanks in this study, were (in ppt); Ir = 1.9, Ru = 2.3, Rh = 1.9, Pt = 33, Pd = 
48, and Re = 141ppt. Argide production rates of Ni, Cu, and Zn ranged from 0.004 to 
0.007%.  Correction factors were <0.2% for Pt, <1.9% for Ir,<2.1% for Re, <6% for Pd 
(except for 7 samples with high Cu, Mo, and Zn interferences generating correction 
rates from 16 to 1607%), <86% for Ru (except 1 sample at 117% due to a very high Ni 
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argide interference), and <100% for Rh (except 3 samples at 107%, 174 % and 1355% 
due to high Zn interferences on the Pd isotope used in the Rh calculation).  The samples 
with the highest correction factors are the most altered samples within the suite 
(samples Gras 3, 5, 8, 15, 16, 19, and 23), with Gras 19, being the most altered sample, 
having the highest correction factors of Pd 1607% and Rh 1355%. Results with 
correction factors > 100 % are omitted from figures. Combined analytical uncertainties 
in the data for the least altered samples, which primarily result from uncertainty in the 
blank subtraction and ICP-MS counting statistics, are reported with the results.  The 
reference material TDB-1 (CCRMP-CANMET diabase) was used to assess the accuracy 
and precision of the PGE and Re measurements, with analyses of seven aliquots and 
error measurements reported in the results section. The results are consistent with 
previously reported values of Meisel and Moser (2004), Peucker-Ehrenbrink et al. 
(2003), Plessen and Erzinger (1998) and Savard et al. (2010). 
Rare earth element concentrations of whole rocks and zircons, used in the 
calculation of Ce4+/Ce3+ratios in zircon, were measured by LA-ICP-MS of XRF fused 
disks and separated zircons. The zircon Ce4+/Ce3+ ratio values, used to infer relative 
oxidation of magmas, are based on the preferential partitioning of Ce4+ into the zircon 
structure relative to Ce3+ and follow the method described by Ballard et al. (2002).   
4.4 RESULTS 
4.4.1 Assessing the effects of alteration 
Hydrothermal alteration of the samples from the Grasberg-Ertsberg district is extremely 
variable and must be taken into consideration when scrutinising the geochemical data.  
Alteration was initially assessed from hand samples and thin section petrography.  To 
support these observations, the whole rock compositions were used to evaluate the 
alteration in a more objective fashion, independently of Cu mineralisation.  Several 
whole rock oxide and element ratio plots were used to distinguish the intensely altered 
samples (Fig. 4.1), with these samples flagged in subsequent figures. The plots used to 
identify alteration were those used in other hydrothermal systems (e.g. epithermal and 
volcanic-hosted massive sulfide type deposits; Large et al., 2001; Warren et al., 2007; 
Urqueta et al., 2009).  However, the similar style of alteration seen amongst these types 
of hydrothermal deposits makes these plots relevant to the assessment of alteration in 
the Grasberg-Ertsberg samples.  Potassic, phyllic/sericitic, or argillic intensely altered 
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samples can be most easily identified using these diagrams whereas the recognition of 
propylitic or weakly altered rocks is more difficult. 
The alteration box plot of Large et al. (2001) combines the Ishikawa alteration 
index (after Ishikawa et al., 1976) with their chlorite-carbonate-pyrite index to assess 
hydrothermal and diagenetic alteration in VHMS deposits. Using the same method for 
the Grasberg-Ertsberg suite (Fig. 4.1A), the highly altered samples are distinguished 
because their chemistry is affected by the formation of potassium feldspar, sericite, 
chlorite, and pyrite alteration minerals. Warren et al. (2007) used gain and loss of K, Ca, 
and Na relative to Al to indicate samples that are strongly affected by potassic, argillic, 
and sericitic alteration in an epithermal Au-Ag deposit and this scheme is applied to the 
Grasberg-Ertsberg samples in Figure 4.1B.  The samples significantly affected by 
potassic, calcic, and/or sodic metasomatism, chloritisation, or argillisation can be clearly 
distinguished from fresh or weakly altered samples. The Pearce element ratio 
lithogeochemistry vectors to ore bodies for porphyry and epithermal systems used by 
Urqueta et al. (2009) has also been applied to the Grasberg-Ertsberg samples (Fig. 
4.1C).  In this case the y-axis shows relative silicification of the samples and the x-axis 
reflects the formation of porphyry alteration minerals such as sericite, potassium 
feldspar, biotite, chlorite and epidote. 
4.4.2 Major element geochemistry 
Selected whole-rock major elements for the 41 samples (Table D1 in Appendix D), 
analysed for this study, are plotted against SiO2 in Figure 4.2.  The following trends can 
be observed in the least altered samples: 1) MgO, TiO2, Fe2O3T, and CaO all decrease 
with increasing SiO2; 2) the least altered samples show no trend in Al2O3, and K2O 
when plotted against SiO2 and Na2O is scattered.  The more intensely altered samples, 
which are from the Dalam, MGI, and Gajah Tidur intrusions, show significantly more 
scatter than the least altered samples in all of the major element plots.  The most altered 
samples are typically depleted in many of the major elements, especially Na2O, but are 
enriched in SiO2 and K2O, which implies that these elements were introduced by fluid 
that caused the alteration. 
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Figure 4.1 . Whole rock oxide and element ratio plots used to assess alteration in the 
Grasberg-Ertsberg samples.  Based on these plots the closed diamonds are taken to 
represent the least altered and the open diamonds the most altered samples.  Based on 
plots in Large et al., 2001, Warren et al., 2007, and Urqueta et al., 2009. 
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Figure 4.2. Whole rock major element data plotted against SiO2 for studied samples 
(Excluding Gras 19). (A) MgO, (B) Fe2O3T, (C) TiO2, (D) Al2O3, (E) CaO, (F) Na2O, 
(G) K2O. Closed diamonds represent the least altered samples; open diamonds the most 
altered samples (see Fig. 4.1). Gras 19 sample is not included in these plots as the 
sample has ca. 99% SiO2. 
4.4.3 Trace element geochemistry 
Selected whole-rock trace elements for the 41 analysed samples (Table D1 in Appendix 
D) are plotted in Figure 4.3.  The least altered samples have relatively low Cu contents 
and plot close to K2O ≈4 wt. %, whereas the most altered samples have variable Cu and 
K2O contents (Fig. 4.3A).  The least altered samples follow a trend of increasing V 
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against increasing TiO2 whereas the most altered samples typically have higher V 
concentrations at the same TiO2 (Fig. 4.3B).  Figure 4.3C shows Sr/Y against Eu/Eu* 
((Eu/Eu*) = [(EuN)/(√(SmN*GdN))]).  The least altered samples typically have higher 
Sr/Y ratios and Eu/Eu* that plot closer to 1 whereas the strongly altered samples tend to 
have lower Sr/Y ratios and Eu/Eu* < 1, due to the mobilisation of divalent Eu and Sr 
during hydrothermal alteration.  Chondrite normalised (Palme and O'Neill, 2014) rare 
earth element (REE) plots are shown in Figure 4.4.  The least to moderately altered 
samples have gently sloping light-REE with flat heavy-REE patterns and limited 
negative Eu anomalies.  The most intensely altered samples typically have more 
depleted REE abundances, stronger Eu anomalies that are generally negative, and the 
patterns become more erratic with increasing alteration. Figure 4.5 shows primitive 
mantle normalised (Palme and O'Neill, 2014) multi-element diagrams of the Grasberg-
Ertsberg samples.  The most altered samples show significantly more scatter than the 
least altered samples, particularly with respect to K, P, and the REE. 
 
 
Figure 4.3. Selected whole rock trace element plots for studied samples. (A) Cu plotted 
against K2O. (B) V plotted against TiO2. Linear regression line is for Ertsberg samples 
with R2 = 0.943. (C) Sr/Y plotted against Eu/Eu*, Gras 15 and Gras 19 are not included 
in this plot because these samples are highly altered and have rare earth element (REE) 
concentrations close to 0 for some elements, producing invalid ratios. Closed diamonds 
represent the least altered samples; open diamonds the most altered samples (see Fig. 
4.1). 
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Figure 4.4. Chondrite normalised (Palme and O’Neill, 2014) REE patterns.  Closed 
diamonds represent the least altered samples (top graph); open diamonds the most 
altered samples (bottom graph; see Fig. 4.1). 
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Figure 4.5. Normalised (Palme and O’Neill, 2014) trace element spidergrams of 
Grasberg-Ertsberg samples with least altered (top) and most altered (bottom; see Fig. 
4.1). 
 
4.4.4 Whole rock PGE and Re geochemistry 
Whole rock PGE abundances are reported for 41 Grasberg-Ertsberg samples and 11 
duplicates (Table 4.1; all PGE and Re values are blank subtracted).  Results for Ir and 
Ru range up to 195 ppt Ir and 108 ppt Ru but in most samples are close to or below the 
detection limit and these results are not discussed further.  All but six samples have Rh 
abundances above the method detection limit, with values up to 64.9 ppt for altered 
samples and up to 23.4 ppt for the least altered samples.  Platinum abundances vary 
between 0.115 and 17.6 ppb with the least altered samples containing up to 5.5 ppb Pt.  
One sample has Pd below the method detection limit, the rest range between 0.195 and 
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95 ppb Pd, with the highest value in the least altered samples being 11.6 ppb Pd.  
Rhenium abundances range from below, or close to, the method detection limit (6 
samples) up to 218 ppb in altered samples, and up to 162 ppb Re in the least altered 
samples.  Three samples were under-spiked with respect to Re and, as a consequence, 
only minimum values are shown. Measurements of blanks and reference material (TDB-
1) are shown in Tables 4.2 and 4.3. 
Plots of Pt, Pd, Rh and Re against MgO show considerable scatter and no trends 
are apparent when the data as a whole are considered (Fig. 4.6). Duplicate samples 
typically plot within error of each other, except for Rh in two samples.  Palladium and 
Re are generally more scattered than Pt and Rh, with the most altered samples showing 
significantly more scatter than the least altered samples, in both Pd and Rh.  The Pt 
concentrations of the most altered samples are, in general, slightly higher than the least 
altered samples at the same MgO value. When individual intrusions are considered 
some patterns in the PGE data emerge. In the least altered GIC samples (Kali and one 
MGI sample), Pt and Rh decrease with decreasing MgO (Fig. 4.6).  Palladium is more 
scattered but starts decreasing in the vicinity of 1.5 wt. % MgO. Rhenium increases with 
decreasing MgO until ca. 1.5 wt. % MgO where the Re concentration suddenly drops. 
The least altered samples from outside of the GIC (predominantly Ertsberg intrusion 
samples) do not show similar trends, instead the data are scattered. 
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Table 4.1. Whole rock PGE results (ppt). Values in grey are results that are below or 
within error of the method detection limit or had significant correction factors (see 
methods section in the text for details). Those in brackets have correction factors > 100 
%. 
 
Sample 
MgO Ir Ru Rh Pt Pd Re 
wt. % (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 
Gras1 2.19 7.12 ± 0.75 <2.3 33.02 ± 1.02 2787 ± 72 2851 ± 75 1266 ± 49 
Gras2 1.45 <1.9   <2.3 2.77 ± 0.77 347 ± 13 618 ± 22 24411 ± 562 
Gras2* 1.45 <1.9
 
  <2.3
  
3.38 ± 0.87 366 ± 15 647 ± 34 161509 ± 4490 
Gras3 1.61 <1.9   3.72 ± 1.16 45.76 ± 2.23 1789 ± 72 55945 ± 509 5470 ± 139 
Gras4 0.88 <1.9   <2.3 5.31 ± 0.91 366 ± 13 4378 ± 96 3576 ± 99 
Gras5 1.41 4.60 ± 0.80 7.67 ± 2.01 14.59 ± 2.69 1494 ± 27 15397 ± 231 >33246
 
  
Gras6 0.81 <1.9   3.22 ± 1.04 10.61 ± 0.99 482 ± 22 500 ± 18 2196 ± 77 
Gras7 2.14 2.03 ± 0.69 <2.3 15.06 ± 1.29 1621 ± 41 3273 ± 37 66011 ± 1504 
Gras7* 2.14 2.56 ± 0.80 6.98 ± 2.76 22.80 ± 6.36 1452 ± 83 2834 ± 110 >16930
 
  
Gras8 1.50 2.05 ± 0.67 108.21 ± 19.82 64.87 ± 11.17 956 ± 42 1404 ± 51 217834 ± 8054 
Gras9 1.57 2.58 ± 0.71 <2.3 11.73 ± 1.65 1619 ± 36 42712 ± 442 4595 ± 94 
Gras10 1.57 <1.9   <2.3 8.13 ± 1.04 990 ± 20 2217 ± 41 >27601   
Gras11 1.36 2.67 ± 0.73 <2.3 3.45 ± 0.72 230 ± 14 421 ± 19 <141   
Gras11* 1.36 <1.9
 
  <2.3
  
<1.9
 
  158 ± 12 370 ± 21 160 ± 47 
Gras12 1.69 <1.9   <2.3 3.21 ± 0.69 339 ± 13 926 ± 48 4012 ± 131 
Gras13 2.27 <1.9   <2.3 23.44 ± 0.83 2150 ± 42 4203 ± 70 803 ± 53 
Gras14 1.77 <1.9   <2.3 8.21 ± 0.93 627 ± 19 5570 ± 117 3818 ± 95 
Gras14* 1.77 <1.9
 
  <2.3
  
4.11 ± 0.67 596 ± 13 5039 ± 47 2464 ± 51 
Gras15 1.08 10.08 ± 0.81 6.36 ± 1.52 14.20 ± 0.93 2642 ± 86 95041 ± 953 33488 ± 977 
Gras16 1.09 194.53 ± 7.79 44.09 ± 3.85 5.35 ± 1.34 1599 ± 38 81261 ± 605 64377 ± 1415 
Gras17 0.87 <1.9   <2.3 13.01 ± 0.66 3759 ± 95 33492 ± 198 2989 ± 116 
Gras18 0.98 <1.9   <2.3 6.25 ± 0.71 1788 ± 46 15291 ± 402 8606 ± 166 
Gras18* 0.98 2.70 ± 0.67 4.39 ± 1.28 6.73 ± 0.75 2270 ± 89 17165 ± 227 9834 ± 271 
Gras19 0.00 3.36 ± 1.05 18.83 ± 2.89 51.64 ± 2.52 17591 ± 318 48246 ± 1065 8862 ± 111 
Gras20 1.40 <1.9   <2.3 <1.9   145 ± 12 419 ± 19 448 ± 48 
Gras20* 1.40 <1.9
 
  <2.3
  
<1.9   148 ± 13 482 ± 28 495 ± 50 
Gras21 1.50 <1.9   <2.3 3.08 ± 0.68 438 ± 13 1510 ± 28 11639 ± 115 
Gras21* 1.50 <1.9
 
  <2.3
  
4.68 ± 1.13 389 ± 14 1268 ± 27 19141 ± 380 
Gras22 1.55 <1.9   <2.3 <1.9   208 ± 12 397 ± 21 <141   
Gras23 2.34 19.63 ± 1.33 31.46 ± 4.81 3.65 ± 0.68 1167 ± 27 195 ± 143 93862 ± 326 
Gras24 1.66 3.10 ± 0.66 50.61 ± 2.32 12.55 ± 0.89 959 ± 16 11614 ± 355 3147 ± 48 
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Table 4.1. continued. 
Sample 
MgO Ir Ru Rh Pt Pd Re 
wt. % (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 
EBG1c 1.53 2.12 ± 0.69 <2.3   5.86 ± 0.69 768 ± 17 1034 ± 22 1156 ± 51 
EBG2b 2.41 <1.9    <2.3   8.21 ± 0.66 1594 ± 20 8644 ± 123 155 ± 47 
EBG3a-II 2.03 <1.9    <2.3
 
  4.24 ± 0.67 627 ± 13 1208 ± 29 4974 ± 58 
EBG3b-III 2.62 <1.9    <2.3
 
  3.76 ± 0.67 5473 ± 76 1025 ± 30 2752 ± 53 
EBG3b-III* 2.62 2.71 ± 0.67 3.45 ± 1.06 4.35 ± 0.67 793 ± 19 1006 ± 28 2088 ± 62 
EBG3c-III 2.32 <1.9    <2.3    5.89 ± 0.72 622 ± 14 892 ± 21 872 ± 48 
EBG3d 2.46 <1.9    <2.3    4.13 ± 0.72 742 ± 24 1042 ± 25 1131 ± 48 
EBG3e-III 2.23 <1.9    <2.3   12.16 ± 0.72 793 ± 22 1155 ± 25 241 ± 47 
EBG4a-I 2.58 2.48 ± 0.67 <2.3    10.75 ± 0.78 728 ± 14 2468 ± 53 728 ± 49 
EBG4b-III 2.30 3.03 ± 0.66 <2.3    8.52 ± 0.67 553 ± 14 946 ± 26 153 ± 47 
EBG4b-V 2.21 6.58 ± 0.72 2.62 ± 1.19 14.64 ± 0.82 873 ± 18 1974 ± 29 225 ± 47 
EBG4b-V* 2.21 <1.9    <2.3   10.38 ± 0.73 901 ± 29 2222 ± 58 221 ± 49 
EBG4c-I 1.55 <1.9    <2.3   8.09 ± 0.75 393 ± 15 609 ± 23 660 ± 49 
EKL1-II 1.59 <1.9    <2.3    <1.9    346 ± 14 411 ± 20 9364 ± 144 
LKL1-II 2.09 <1.9    <2.3   5.55 ± 0.72 1015 ± 27 1878 ± 70 1401 ± 64 
KRM1-II 1.35 <1.9    <2.3   3.17 ± 0.71 977 ± 32 1092 ± 23 10498 ± 243 
KRM1-II* 1.35 2.66  0.71 3.72 ± 1.47 10.68 ± 0.84 1017 ± 31 1238 ± 47 8641 ± 252 
SWG1a-II 1.68 <1.9    <2.3    <1.9    115 ± 12 <48 
 
  <141    
WNG1b 1.69 <1.9    <2.3    7.38 ± 0.82 299 ± 12 363 ± 25 1686 ± 57 
WNG2-I 0.99 2.21 ± 0.73 <2.3    3.94 ± 0.76 374 ± 16 348 ± 17 3708 ± 114 
WNG2-I* 0.99 <1.9    2.75 ± 1.11 4.98 ± 0.69 321 ± 14 303 ± 17 5212 ± 119 
    * indicates duplicate samples 
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Table 4.2. Blank PGE results. 
Sample Ir Ru Rh Pt Pd Re 
(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 
Blank-01 1.08 ± 0.05 1.97 ± 0.95 2.18 ± 0.24 37.9 ± 2.24 57.1 ± 5.84 27.2 ± 1.76 
Blank-02 0.88 ± 0.09 2.48 ± 0.59 1.24 ± 0.08 10.5 ± 0.47 16.3 ± 1.00 23.3 ± 1.13 
Blank-03 2.56 ± 0.23 2.82 ± 0.71 2.37 ± 0.26 21.3 ± 1.09 23.2 ± 1.21 67.9 ± 2.98 
Blank-04 0.88 ± 0.12 2.22 ± 0.80 2.12 ± 0.24 20.2 ± 0.65 32.1 ± 1.89 153.3 ± 8.81 
Blank-05 0.61 ± 0.05 4.24 ± 0.78 0.67 ± 0.09 9.4 ± 0.45 12.4 ± 1.16 21.6 ± 0.89 
Blank-06 0.95 ± 0.15 3.09 ± 0.40 1.34 ± 0.29 7.7 ± 0.45 16.1 ± 0.84 34.8 ± 1.81 
Blank-07 0.95 ± 0.08 2.17 ± 0.40 1.16 ± 0.23 7.7 ± 0.36 12.7 ± 1.52 41.2 ± 2.78 
Mean 1.13   2.71   1.58   16.4   24.3   52.8   
1σ 0.65   0.78   0.64   11.1   16.1   47.1   
3σ (MLD) 1.94   2.33   1.92   33.2   48.2   141.2   
MLD is method limit of detection   
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Figure 4.6. Whole rock PGE plots of Pt, Pd, Rh, and Re against MgO (wt. %). Pt, Pd 
and Re are shown in ppb, Rh is in ppt.  MDL refers to the method detection limit.  
Closed diamonds represent the least altered samples; open diamonds more altered 
samples (see Fig. 4.1).Vertical black lines link duplicate samples that plot apart.  
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4.4.5 Ce4+/Ce3+zircon ratios 
Median Ce4+/Ce3+ratios for each intrusion range from 94 to 227, with means ranging 
from 149 to 492.  The ranges in ratio values for various intrusions show considerable 
overlap and there are no apparent trends in the data (Fig. 4.7). Unlike the El Abra 
porphyry Cu deposit, which shows an increase in Ce4+/Ce3+ ratios in zircon with 
increasing fractionation (Fig. 4.7; Cocker et al., 2015), there was no systematic change 
in Ce4+/Ce3+ ratios in the Grasberg-Ertsberg intrusions. Zircon trace element results and 
data for Ce ratio calculations are included in Tables D2 to D4 in Appendix D. 
 
 
Figure 4.7. Upper quartile-median-lower quartile plots showing Ce(IV)/Ce(III) ratios in 
zircons from intrusive units in the Grasberg-Ertsberg district. Horizontal grey bar 
represents range of median values in Grasberg-Ertsberg samples. El Abra-Pajonal ratios 
from Cocker et al. (2015) shown for comparison (pink bars are intrusions with 
amphibole dominant fractionation, purple plagioclase dominant). Crosses are mean ratio 
values for El Abra-Pajonal samples from Ballard et al. (2002).  
4.5 DISCUSSION 
4.5.1 Magmatic Evolution 
The major and trace element compositions of the Grasberg-Ertsberg suite, if altered 
samples are disregarded, are indicative of the magmatic processes that occurred during 
the evolution of the system. The intrusions are chemically similar, high-K, with Fe2O3T, 
MgO, TiO2, and CaO all decreasing with increasing SiO2, and the results agree with 
previous studies that suggest crustal assimilation and crystal fractionation were 
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important processes in the generation of intrusions of the Grasberg-Ertsberg district 
(Leys et al., 2012, and references therein). The intrusions show arc-like geochemical 
signatures indicative of a subduction enriched mantle source, though the intrusions may 
not be directly subduction-related (McMahon, 1994; Richards, 2009). The intrusions 
were probably emplaced from a periodically recharged, relatively hydrous parent 
magma chamber at depth (McMahon, 1994; Paterson and Cloos, 2005), however the 
alteration of the samples makes definitive interpretations difficult. Chemical variability 
within individual intrusions is consistent with in situ fractional crystallisation but the 
contrasting textures and amphibole abundances between the Ertsberg and other 
intrusions in the district reflect differences in crystallisation and cooling histories.  The 
Ertsberg intrusion has a phaneritic texture and contains little amphibole indicating slow 
cooling following shallow emplacement whereas the other intrusions, with porphyritic 
textures and abundant amphibole, underwent significant crystallisation at depth and 
solidified more rapidly after emplacement (McMahon, 1994). 
Plagioclase is only a significant fractionating phase in the porphyritic dyke 
sample, with low Sr and a clear negative Eu anomaly. The other least altered samples 
show small negative or no Eu anomalies (Figs. 4.3C and 4.4A), which suggests that 
plagioclase is not an important cumulus phase in the evolution of the Grasberg-Ertsberg 
system. In addition, the high Al2O3 concentrations of the samples suggest that these 
magmas fractionated predominantly in a parental magma chamber at depth, below the 
plagioclase stability field.  Fe2O3T, TiO2, and V decrease continuously during 
fractionation (Figs. 4.2B, 4.2C, and 4.3B), indicating that magnetite did not become a 
cumulus phase during fractional crystallisation. This implies that there was no 
“magnetite crisis” to induce sulfide saturation of the magma (c.f. Pual Ridge (Jenner et 
al., 2010; Park et al., 2013a)). The REE patterns of the least altered samples (Fig. 4.4) 
have similar shapes, which suggest that the samples could all be derived from a single 
parent magma or, at the very least, from a similar source and have undergone similar 
processes. Crustal assimilation also played a part in the geochemistry of the Grasberg-
Ertsberg magmatic system (McMahon, 1994), as is typical of felsic magmas.  Many 
trace elements and REE do not correlate with SiO2 (not shown), which is attributed to 
the influence of accessory phases as these minerals become liquidus phases in high SiO2 
melts and have a controlling influence on the geochemistry of many incompatible trace 
elements.   
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4.5.2 Geochemical effects of alteration 
Hydrothermal alteration of the samples to potassic, sericitic/phyllic, and/or propylitic 
assemblages has the greatest impact on the K2O, Na2O, CaO, and Fe2O3T (Fig. 4.2). The 
depletion of CaO and Na2O in the more altered samples reflects predominantly 
plagioclase destruction in those samples (Figs. 4.2B and D). Hydrothermal magnetite 
and sulfide mineralisation increase Fe2O3T in some samples whereas primary magnetite 
destruction in others depletes Fe2O3T. Potassic alteration enriches samples in K2O (Fig. 
4.2G).  Alteration also decreases Sr and REE but increases V (Figs. 4.3 and 4.4). The 
decrease in Sr and Eu2+ to produce negative Eu anomalies is attributed to plagioclase 
breakdown, and the decrease in REE to dilution by the introduction of other elements, 
especially Si and K. Copper is introduced during hydrothermal alteration, as expected, 
and is accompanied by an increase in K2O. Many of the most altered samples have 
elevated Cu concentrations (Fig. 4.4A). Although the PGE are mobilised by 
hydrothermal fluids, the effect is about three orders of magnitude less than for Cu and 
Au, as demonstrated by Park et al. (2016). 
4.5.3 Whole rock PGE and Re geochemistry 
Trends in the PGE and Re results of the least altered samples primarily reflect magmatic 
processes whereas the scatter in the most altered samples is due to PGE introduced by 
hydrothermal fluids, principally the ore-forming fluid. Therefore they will be treated 
separately in this part of the discussion. The decreasing Pt and Rh trends for the least 
altered GIC samples (Kali samples; Fig. 4.6) require the precipitation of a phase into 
which these PGE partitioned. The most likely candidate is a Pt-rich alloy, which 
sequesters all PGE except Pd, and does not take Re into its structure (Park et al., 2013a; 
Cocker et al., 2015; Park et al., 2015).  Data for seven duplicate samples plot close to 
each other in most cases, however some of the duplicate analyses for Pt or Rh, indicated 
by black lines connecting the data points in Figure 4.6, fail to agree within analytical 
uncertainty. This supports the model of fractionation of metal alloy phases sequestering 
Pt and/or Rh but not Pd. However, the Pd values for all duplicates agree within 
analytical uncertainty suggesting that they are free of magmatic sulfide nuggets. 
Rhenium increases in the least altered Kali samples until approximately 1.5 wt. % MgO 
where it suddenly drops in concentration, which could be due to volatilisation of Re at 
this point, as Re is more volatile than PGE (e.g. Lassiter, 2003; Righter et al., 2008).  
Palladium concentrations in the Kali samples are also lowest at this point. The Kali 
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magmas were intruded after the MGI and porphyry formation and so do not affect the 
porphyry-related PGE mineralisation.  Unfortunately the samples from Dalam intrusion 
that formed prior to the MGI are all highly altered.  Samples of the Ertsberg intrusion 
also are part of the least altered sample suite. The Ertsberg intrusion is not part of the 
GIC but is located nearby and is the youngest intrusion studied. There are no apparent 
PGE-MgO correlation trends in the Ertsberg samples; the data is scattered (Fig. 4.6).  
This may reflect a new magma pulse ascending from the deeper parent chamber because 
the major element geochemistry is less evolved than for many of the other samples and 
the PGE concentrations do not follow the trends of the Kali samples.  
The most altered samples show considerably more scatter and overall greater 
abundances of the PGE that the least altered samples at similar MgO values (Fig. 4.6). 
This suggests that the PGE were mobilised by the ore-forming and rock altering fluids 
that permeated through the rocks. Grasberg is a large Cu-Au porphyry deposit that is 
overprinted by extensive, and in places intense, alteration. Copper and Au are 
significantly mobilised by this alteration and Pt and Pd less so. 
Figure 4.8 compares variations in Pd and Pt concentrations with MgO for the 
Grasberg-Ertsberg samples with two other igneous suites, Niuatahi-Motutahi and El 
Abra-Pajonal, both of which have produced hydrothermal mineralisation.  The Niuatahi-
Motutahi volcanic complex is a suite of submarine basaltic to dacitic lavas from the Lau 
basin in the Tongan back arc (Park et al., 2015). The Pt and Pd trends of Niuatahi-
Motutahi indicate early Pt-alloy fractionation followed by late sulfide saturation (Park et 
al., 2015). During the early stages of fractionation of the Niuatahi-Motutahi suite, Pt 
decreases with decreasing MgO whereas Pd increases. The decrease in Pt is attributed to 
precipitation of a small amount of a Pt-rich metal alloy and the increase in Pd to it 
behaving as an incompatible element.  Once the MgO concentration in the magma falls 
below ca. 2.5 wt. % the Pt and Pd contents of the melt drop dramatically. This decrease 
is attributed to the magmas reaching sulfide saturation, at which point the PGE partition 
into an immiscible sulfide melt phase, and because of their extreme sulfide-silicate melt 
partition coefficients (e.g. Mungall and Brenan, 2014), the Pt and Pd contents of the 
melt drop rapidly with fractionation (Park et al., 2013a; Cocker et al., 2015; Park et al., 
2015).  Note that there is increased scatter in the Pd and Pt data following sulfide 
saturation, which is attributed to the presence of sulfide nuggets entrained in the silicate 
magma. 
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Figure 4.8. Pd (A & B) and Pt (C & D) plotted against MgO for various igneous suites, 
including Grasberg-Ertsberg. Plots A and C show the least altered (closed green 
diamonds) and most altered samples (open green diamonds) from the Grasberg-Ertsberg 
suite. B and D show only the least altered samples. Niuatahi-Motutahi and El Abra data 
from Park et al. (2015) and Cocker et al. (2015), respectively.  
Results from the El Abra-Pajonal suite, associated with the El Abra porphyry Cu 
deposit in northern Chile  (Cocker et al., 2015), are also compared with those obtained 
in this study in Figure 4.8. The El Abra-Pajonal intrusive complex is a series of 37 to 43 
Myr old intrusions of quartz monzodiorite to granitic compositions that formed through 
plagioclase- and later amphibole-dominant fractionation in a deep parental magma 
chamber (Cocker et al., 2015).  The El Abra porphyry, which is associated with Cu 
porphyry mineralisation, formed towards the end of the magmatic evolution of the suite. 
The Pt and Pd geochemistry of the El Abra-Pajonal suite is similar to Niuatahi-Motutahi 
except that there is no clear trend in Pd with fractionation prior to sulfide saturation, 
which can be identified from the sudden drop in Pd at 2.5 wt. % MgO (Fig. 4.8). Cocker 
et al. (2015) attributed the Pd behaviour, prior to sulfide saturation, to the type of 
samples being analysed; the Niuatahi-Motutahi samples are fine-grained or glassy lavas 
 Grasberg - geochemistry 
93 
from a simple system that produced unidirectional fractionation trends, whereas those 
from El Abra-Pajonal are cumulate plutonic rocks from a series of related high level 
chambers generated from a parent magma chamber at depth that may have been 
recharged several times. The Pd concentrations in sulfide undersaturated samples from 
the El Abra-Pajonal suite reflect a combination of variations in the amount of trapped 
liquid in cumulate rocks and magma mixing. The Grasberg-Ertsberg samples are also 
cumulate rocks, so trends in the PGE results are not as well defined as those in lava 
suites. The Pd concentrations are diluted by cumulate processes and their interpretation 
is further complicated by magma mixing. 
The Grasberg-Ertsberg data differ from the El Abra-Pajonal data in three ways: 
1) The Pd and Pt contents of the Grasberg samples are distinctly higher than those of the 
El Abra-Pajonal samples at all levels of fractionation; 2) The Grasberg Pd and Pt values 
show more scatter than the El Abra-Pajonal values, especially at low MgO 
concentrations, although the duplicates for samples with MgO <2.5 wt. % have 
appreciably lower Pd contents (Fig. 4.8); 3) There is no clear evidence of a rapid decline 
in the Pd content of the samples at a particular MgO content, or evidence of sulfide 
nuggets in samples with MgO <2.5 wt. %, as there is at El Abra (and also at Pual Ridge 
and Niutahi-Motutahi), and therefore no sign of sulfide saturation prior to ore-fluid 
saturation in the Grasberg-Ertsberg magmatic systems. The multiple ore-bodies 
associated with these deposits show that several episodes of ore-fluid saturation 
occurred during magmatic evolution. Within the GIC, ore mineralisation is associated 
with the MGI, early phases of the Kali dikes, and the Kucing Liar skarn, whereas 
predominantly barren hydrothermal alteration and mineralisation is associated with the 
Dalam intrusive phases, the younger Kali dikes, and the Gajah Tidur intrusion (Leys et 
al., 2012). Several ore zones, which are principally skarn related mineralisation, are 
associated with the EIC, including the Ertsberg East, Ertsberg skarn, Big Gossan, and 
Dom skarn (Leys et al., 2012).  
The difference between Grasberg and El Abra is that the El Abra magmatic 
system became sulfide saturated (at ca. 2.5 wt. % MgO) before it became ore-fluid 
saturated (as determined from the MgO content of the ore-associated porphyries).  The 
magma precipitated enough sulfide in the magma chamber to remove Pd and Au from 
the melt but not Cu because the partition coefficient for Cu into a sulfide melt is less 
that Au and much less than for Pd (Cocker et al., 2015).  As a consequence, El Abra is a 
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Cu only porphyry system.  The magmas forming the Grasberg intrusions, on the other 
hand, show no evidence of having reached sulfide saturation, which suggests that they 
reached ore-fluid saturation before they became sulfide saturated.  Copper, Au and Pd 
were therefore not stripped from the melt and held in a sulfide phase in an underlying 
intrusion but remained in the silicate melt where they were available to enter the fluid 
phase when the magma became ore-fluid saturated.  The PGE can partition into volatile 
phases but to a less extent than Cu and Au (Park et al., 2016, and references cited 
therein).  The high concentrations of Pd and Pt in the Grasberg samples may be due to 
initial elevated concentrations of these elements in the magma, related to the magma 
chemistry, particularly oxidation state, and tectonic setting (e.g. Mungall, 2002).  The 
high concentrations and the scatter in the data, are further attributed to these elements 
entering the hydrothermal fluid in higher concentrations and permeating the pervasively 
altered Grasberg intrusions, together with Cu and Au, as part of the ore-forming process 
(Fig. 4.8).  Palladium and Pt would also have entered the El Abra ore fluid but, because 
sulfide saturation occurred before ore-fluid saturation, the concentration of these 
elements in the ore fluid was low so their influence was negligible. 
4.5.4 Relative oxidation state of magmatic systems 
The relative oxidation state of the Grasberg-Ertsberg and El Abra-Pajonal magmatic 
systems may explain why sulfide melt precipitated from the deeper melt of the El Abra-
Pajonal system but not the Grasberg-Ertsberg system.  Sulfur in magmatic systems 
occurs predominantly as sulfide or sulfate, depending on oxygen fugacity. The magmas 
associated with the El Abra-Pajonal system became increasingly oxidised through time 
(Cocker et al., 2015) whereas there is no systematic change in Ce4+/Ce3+ of the 
Grasberg-Ertsberg zircon ratios measured for this study, implying that the oxidation 
state of the magmas did not increase with fractionation in the Grasberg-Ertsberg system.  
Another important difference between the El Abra-Pajonal and Grasberg-Ertsberg 
intrusions is that the ore-associated El Abra porphyry has a higher median Ce4+/Ce3+ 
zircon ratio of 381 (Cocker et al., 2015), which compares with 227 for the highest ratio 
of the Grasberg-Ertsberg intrusions.  However the Grasberg-Ertsberg intrusions have 
comparable, or higher, median Ce4+/Ce3+ ratios (94 to 227) than the El Abra-Pajonal 
intrusions (30 to 98; Fig. 4.7) if the ore-associated El Abra porphyry is excluded. This 
implies that the Grasberg-Ertsberg intrusions were more oxidised than the intrusions of 
the El Abra-Pajonal intrusive complex with the notable exception of the El Abra 
 Grasberg - geochemistry 
95 
porphyry itself. If the Grasberg-Ertsberg magmatic system as a whole was more 
oxidised than the El Abra-Pajonal system this could account for the absence of sulfide 
saturation in the Grasberg-Ertsberg intrusions. The more oxidised the magma, the 
higher the ratio of sulfate to sulfide, and sulfate is appreciably more soluble in silicate 
melts than sulfide (Jugo et al., 2005). This conclusion is supported by Xu et al. (2016) 
who showed that zircons from ore-bearing porphyry intrusions to have higher Ce ratios, 
and therefore formed from a more oxidised magma, than those from barren porphyry 
intrusions. Furthermore, Shen et al. (2015) also found that zircons associated with 
porphyry Cu deposits, with larger tonnages, have higher Ce ratios than those with lower 
tonnages. Together, these studies support the hypothesis that the oxidation state of 
porphyry systems controls their prospectivity. This could be because the oxidation state 
of the magma controls the timing of sulfide precipitation from a magma. 
4.5.5 Sulfide saturation in porphyry Cu ± Au systems 
The evolved magmas of the Grasberg-Ertsberg magmatic system are likely the product 
of extensive fractionation in a deeper chamber, probably in conjunction with crustal 
assimilation. However, despite the extensive fractionation, sulfide saturation did not 
occur before ore-fluid saturation. The Pd/Pt ratios for Grasberg-Ertsberg samples have a 
mean of 6.5 and a median of 1.9, both of which are appreciably above the primitive 
mantle value of 0.55 and primitive upper mantle value of 0.93 (McDonough and Sun, 
1995; Becker et al., 2006). Figure 4.9 shows that there is no systematic change in Pd/Pt 
with fractionation, unlike the trends seen in Park et al. (2013a; 2016) who attribute a 
decrease in Pd/Pt to a magma reaching sulfide saturation. The most altered samples 
overall have higher Pd/Pt ratios at the same MgO than the least altered samples. This 
can be explained by overprinting by the hydrothermal fluid. Park et al. (2016), from 
their study of sulfur condensates from Niuatahi-Motutahi, propose that Pt partitions 
more readily into a hydrothermal fluid than Pd, however, this is not the case at 
Grasberg-Ertsberg. Either the ore-fluid emanates from a more evolved magma that is 
not sampled or, more likely, the ore-fluid at Grasberg preferentially takes up Pd over Pt.  
Furthermore, the Grasberg-Ertsberg Pd/Pt ratios are consistent with the ore fluid being 
derived from a magma that underwent extensive fractional crystallisation because Pt 
partitions into an early crystallising Pt-alloy phase whereas Pd does not. 
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Figure 4.9. Pd/Pt plotted against MgO for the least altered (closed circles) and most 
altered (open circles) samples from the Grasberg-Ertsberg suite. Crosses represent the 
primitive mantle ratio of 0.55 from McDonough and Sun (1995) and the primitive upper 
mantle ratio of 0.93 from Becker et al. (2006).  
 
The lack of Eu anomalies indicate that plagioclase fractionation was not an 
important process in the underlying parent intrusion. In this respect Grasberg-Ertsberg is 
similar to the El Abra-Pajonal system where amphibole became the dominant 
fractionating phase in a deeper chamber. Howevers at El Abra the deeper parent 
chamber also became sulfide saturated during its magmatic evolution (Cocker et al., 
2015). Sulfide saturation in porphyry systems has been suggested in previous studies 
related to porphyry systems but most authors propose that chalcophile elements in the 
precipitated sulfides are later scavenged by the ore-forming hydrothermal fluid (Keith et 
al., 1997; Halter et al., 2002; Halter et al., 2005; Richards, 2009; Audétat and Simon, 
2012; Wilkinson, 2013).  Although this may occur in shallow intrusions found close to 
ore, it cannot be important in systems such as El Abra and Grasberg-Ertsberg where 
most of the fractionation (and sulfide saturation in the case of El Abra) occurs in a 
deeper magma chamber from which magma batches then ascend to form smaller, 
shallow intrusions, some of which eventually give rise to an ore-fluid.  
Sulfide saturation studies of the magmatic systems as discussed above, including 
those associated with porphyry deposits, show the influence that this process can have 
on controlling whether mineralisation will develop and, if it does, what type of 
mineralisation will form.  It can determine whether a porphyry deposit is Cu, Cu-Au, or 
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Cu-Au-Pd, depending on the timing of sulfide saturation with respect to ore-fluid 
saturation and the amount of sulfide melt that forms.  In magmatic systems such as El 
Abra, where sulfide saturation occurred shortly before ore-fluid saturation, the sulfide 
melt that formed sequestered most of the Pd and Au from the magma and prevented 
these elements from partitioning into the ore fluid but there was not enough to deplete 
the silicate magma in Cu, consequently a Cu porphyry deposit was able to form.  At 
Grasberg, sulfide saturation did not occur, allowing Cu, Au and Pd to be concentrated 
by fractional crystallisation and a Cu-Au deposit with significant Pd formed.  This is 
illustrated in Figure 4.10, which shows the effect of fractional crystallisation and sulfide 
saturation on Cu, Au and Pd in an evolving magma system. Sulfide saturation in this 
model is assumed to increase gradually over 10 % fractionation, as is similar to the 
model proposed for the magma chamber of the Skaegaard intrusion, Greenland (Keays 
and Tegner, 2016). If sulfide saturation occurs at 70% crystallisation and ore-fluid 
saturation at 80%, the magma from which the ore-fluid eminates will have three times 
its initial Cu content, less than a tenth of its Au content and virtually no Pd. On the other 
hand if the magma does not become sulfide saturation prior to ore-fluid saturation it will 
contain five times its initial concentrations of Cu, Au and Pd. Figure 4.10 depicts the 
type of fractionation required to form El Abra. If the melt fails to reach sulfide 
saturation Cu, Au and Pd all follow the incompatible elements trend until ore-fluid 
saturation, which is believed to represent the Grasberg-Ertsberg system. Although the 
Pd enrichment in Grasberg-Ertsberg is significant, it is less than for Au because the 
partition coefficient for Pd between a magma and a fluid is about 1/1000 that of Au 
(Mungall and Brenan, 2014; Park et al., 2016). 
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Figure 4.10. Concentrations of Cu (blue), incompatible elements (green), Au (orange), 
and Pd (red) plotted against fractionation with sulfide saturation assumed to develop 
gradually starting at 70 % and reaching a maximum of 0.2 wt. % sulfide melt at 80 % 
fractionation.  If the melt fails to reach sulfide saturation Cu, Au and Pd all behave as 
incompatible elements and follow the green line. Modified after Cocker et al. (2015). 
 
4.6 CONCLUSIONS 
PGE geochemistry has been used to show that intrusions of the Grasberg-Ertsberg 
mineralised district did not reach sulfide saturation during its magmatic evolution.  This 
allowed Cu, Au, and Pd to concentrate in the fractionating magma and to eventually 
partition into the hydrothermal ore-fluid that exsolved from the magma rather than be 
stripped by an immiscible sulfide melt as has been previously shown to be the case for 
the El Abra Cu-only porphyry. The mineralisation at Grasberg-Ertsberg is Cu-Au and 
has anomalous Pd because the evolving magma reached ore-fluid saturation before 
sulfide saturation whereas at El Abra the mineralisation is Au-Pd poor because it 
reached sulfide saturation shortly before ore-fluid saturation. 
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CHAPTER 5. TARANAKI 
 
Using platinum group elements to identify sulfide 
saturation during the magmatic evolution of Mt. 
Taranaki, a stratovolcano in New Zealand. 
PREFACE 
This Chapter applies the same PGE analysis described in Chapters 2 and 4 to a 
relatively young volcanic system, Mt. Taranaki, New Zealand, that has no known 
association with a porphyry system. Taranaki was chosen a study location because it 
follows an Fe-depletion trend, like El Abra-Pajonal and in contrast to Pual Ridge and 
Niuatahi-Motutahi, with MgO concentrations up to 6.4 wt. %. This chapter is set out in 
manuscript style. 
ABSTRACT 
Mt. Taranaki is a stratovolcano on the west coast of the North Island of New Zealand 
that has periodically erupted over the last 130 k.y. The lavas are derived from hydrous 
high-magnesium oxidised magmas that form a complex magmatic plumbing system 
beneath the volcano, involving magma recharge, ponding, mixing, fractionation, and 
assimilation. The sampled lavas are predominantly high-K and medium-Fe trachy-
basalts to trachy-andesites. The petrology and whole rock geochemistry of samples from 
Mt. Taranaki suggest pyroxenes and hornblende were significant fractionating phases, 
along with titanomagnetite, during magmatic evolution in mid- to lower-crustal magmas 
chambers. Plagioclase became a major crystallising phase in shallower parts of the 
magmatic system. Platinum group elements were analysed in 28 samples from Mt. 
Taranaki. Fantham’s Peak samples with > 4.2 wt. % MgO show little variation in Pt, 
gently increasing Pd, and decreasing Rh with decreasing MgO. In samples with lower 
MgO concentrations, PGE concentrations decrease with decreasing MgO for Warwicks, 
Staircase, and Fantham’s Peak lavas. The decrease in PGE concentrations with 
decreasing MgO suggest that sulfide saturation has occurred during magmatic evolution 
of Mt. Taranaki. The occurrence of sulfide blebs in many of the samples supports this 
conclusion. Platinum and Pd concentrations of the Mt. Taranaki samples are similar to 
those of other arc-related suites that are associated with hydrothermal mineralisation (Pt 
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or Pd typically > 0.1 ppb), which is significantly higher than those of suites that have no 
association with hydrothermal mineralisation (Pt or Pd typically < 0.1 ppb). 
5.1 INTRODUCTION 
The successful application of the analysis of platinum group elements (PGE; Ru, Rh, 
Pd, Os, Ir, Pd) to identify the occurrence of sulfide saturation in intermediate to felsic 
rocks, including those associated with hydrothermal mineralisation (e.g. Chapters 2 & 4; 
Park et al., 2013a; Park et al., 2013b; Park et al., 2015), allows for the examination of 
similar igneous suites where either there is no known association with mineralisation or 
the magmatic system is relatively immature, i.e. is still active and not yet evolved to 
more felsic compositions that are typically associated with porphyry systems. Therefore, 
PGE geochemistry can potentially be used to assess the fertility of a system, and in the 
case of fertile systems, predict the type of mineral deposit (e.g. Cu-only, Cu + Au, Cu + 
Au + Pd). The extremely high  silicate melt-sulfide melt partition coefficients of PGE 
relative to other chalcophile elements (e.g. Cu and Au) make them highly sensitive 
indicators of sulfide saturation, which has been identified as a potentially important 
control on chalcophile element fertility in fractionating arc-related magmatic systems 
(e.g. Chapters 2 & 4;  Park et al., 2013a; Jenner et al., 2015; Park et al., 2015).   
The aim of this study is to use PGE concentrations in samples from Mt. Taranaki 
to determine if sulfide saturation has occurred during the magmatic evolution of this 
relatively young arc-volcano and to compare the results with those from other igneous 
suites to infer the hydrothermal mineralisation potential of the active magmatic system. 
The Mt. Taranaki lavas make an ideal suite to investigate for this study because the 
lavas are generally well exposed and not affected by hydrothermal alteration or 
mineralisation. Many aspects of the geochemistry of the Mt. Taranaki lavas are broadly 
similar to that of rocks associated with porphyry Cu ± Au systems (e.g. chapters 2 & 4) 
and sample suites of intermediate-felsic rocks that have recently been analysed for PGE 
concentrations (e.g. Park et al., 2013a; Park et al., 2015).  However, Mt. Taranaki has no 
known association with hydrothermal mineralisation.  
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5.2 GEOLOGICAL SETTING 
Mt. Taranaki, formally known as Mt. Egmont, is situated on the Taranaki Peninsula, on 
the west of the North Island of New Zealand, approximately 25 km south of the town of 
New Plymouth (Fig. 5.1A-B).  The geology of the Taranaki region is described in detail 
in Townsend et al. (2008, and references therein) but the relevant aspects are briefly 
described here.  The basement rocks of the Taranaki Peninsula are not exposed but 
comprise plutonic rocks of the Median Batholith and metasedimentary sequences 
(“greywacke”) of the Eastern Province terranes (Mortimer et al., 1999; Mortimer, 
2004).  Basement faults control the structure of the overlying basins in the region, which 
are filled with Late Cretaceous to Pleistocene sedimentary rocks.  Miocene to Pliocene 
sedimentary rocks of the Taranaki, King Country, and Wanganui basins outcrop in the 
east of the Taranaki Peninsula and include the siltstones and sandstones of the Kiore and 
Matemateaonga Formations of the Whangamomona Group and the Tangahoe Mudstone 
(Fig. 5.1B). 
Mt. Taranaki is part of a chain of Quaternary aged andesite volcanoes that form 
the Egmont Volcanic Centre: Sugar Loaf Islands and Paritutu; Kaitake; Pukeiti; 
Pouakai; and Mt. Taranaki and Fanthams Peak (Fig. 5.1B).  This arc-volcanic chain lies 
ca. 140 km west of the Taupo Volcanic Zone (Fig. 5.1A) and ca. 180 km above the 
subducting Pacific Plate (Adams and Ware, 1977; Boddington et al., 2004; Reyners et 
al., 2006).  The northernmost exposed parts of the Egmont Volcanic Centre are the 
hornblende andesites and dacites of the Sugar Loaf Islands and Paritutu, which are 
remnant plugs of a volcano that formed ca. 1.8 Ma  ago (Stipp, 1968; Nathan et al., 
2000). The hornblende andesite of the Kaitake Volcano contains interbedded tuffs and 
is dated at ca. 0.6 Ma (Stipp, 1968).  Pukeiti is a small cone of hornblende andesite that 
formed probably ca. 17 ka ago (Neall, 2003).  Pouakai Volcano comprises hornblende 
and augite andesite, dated at 218-251 ka (Stipp, 1968), with interbedded debris flow 
deposits.  The Old, Eltham, and Maitahi Formations are debris avalanche deposits that 
form part of the Taranaki ring plain and were probably derived from the Kaitake and 
Pouakai volcanoes (Fig. 5.1B; Townsend et al., 2008, and references therein; Gaylord 
and Neall, 2012).  
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Figure 5.1. A. Map of the North Island of New Zealand showing the location of Mt. 
Taranaki. B. Simplified geology map of the Taranaki region. C. Geology map of Mt. 
Taranaki showing locations of samples collected during fieldwork for this study. 
Geology maps after Townsend et al. (2008).  
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Mt. Taranaki is the most southerly of the Egmont Volcanic Centre volcanoes and 
has erupted periodically over the last 130 k.y.  The 2518 m high andesitic stratovolcano 
and its parasitic cone, Fanthams Peak, are surrounded by a ring plain that formed from 
lahar deposits and the sector collapse of older cones (Fig. 5.1B). The Mangati, Motunui, 
Okawa, Oeo, Waingognoro, Waihi, Tokaroa, Old Kaupokonui, Punehu, Otakeho, 
Young Kaupokonui, Stratford, Rama, Ihaia, Opunake/Te Namu, Ngaere, Pungarehu, 
Warea/Motumate, Kahui, Opua, Ngatoro, and Maero Formations are debris flow and 
avalanche deposits associated with Mt. Taranaki that form much of the Taranaki ring 
plain (Townsend et al., 2008, and references therein; Zernack et al., 2011).  The 
geochronology and stratigraphy of the Taranaki volcanic succession has been recently 
updated by Zernack et al. (2011) and a simplified version of this work combined with 
previous studies is provided Table E1 in Appendix E. These deposits represent 
eruptions and collapses of the volcano over the last ca. 105 ka.  The Te Popo Formation 
(dated at ca. 3 ka) is a debris flow deposit derived from Fanthams Peak.  The oldest 
identified volcanic activity of the volcano took place ca. 115-120 ka ago (Alloway et al., 
1995).  The Dome, Skinner Hill, and the Beehives are domes on the lower parts of Mt. 
Taranaki comprising pyroxene- to hornblende-andesite lavas that formed from satellite 
vents.  The current upper parts of the volcanic cone consist of lava and pyroclastic flows 
that formed over the last ca. 18 ka (Fig. 5.1C).  The oldest of these are the Warwick 
lavas.  These flows comprise columnar-jointed hornblende andesite flows up to 100 m 
thick on the lower slopes of the cone of Taranaki (Downey et al., 1994).  The Peters 
lavas, 7–3.3 ka, and Staircase lavas, 3.3–1.4 ka (Neall, 2003), are also hornblende 
andesites.  Fanthams Peak comprises basaltic andesite flows with a basalt scoria cone 
and is associated with the ca. 3.2 ka Manganui tephra.  The Skeet lavas, 1400–500 y BP, 
and Summit lavas, < 500 y BP, erupted from the present summit vent and overly parts 
of the older flows (Neall, 2003).  These lavas consist of scoriaceous to glassy pyroxene-
plagioclase basaltic andesite to andesite (Downey et al., 1994). The last minor eruption 
was ca. 150 years ago and the last major eruption occurred in AD 1655 (Platz, 2007; 
Platz et al., 2007). Whilst there is currently no hydrothermal mineralisation associated 
with Mt. Taranaki, there is minor Ag (62 g/t), Cu, Au (0.3 g/t), and Zn mineralisation in 
a silicified “reef” in the Kaitake Range (Christie and Brathwaite, 1996).  
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5.3 SAMPLE SELECTION AND ANALYTICAL TECHNIQUES 
Samples analysed here were collected from Mt. Taranaki (17 samples) in 2014 (see 
Table E2 and Figures E1 and E2 in Appendix E). An additional 11 samples were 
acquired, for PGE analysis only, from suites previously analysed by Kellett (1991), 
Stewart et al. (1996), and Price et al. (1999).  These were targeted to expand and 
augment the MgO range of the sample suite collected in the field and provide additional 
samples of lava types sparsely collected.  The samples are fresh rock and any weathered 
surfaces were removed before crushing commenced.  The samples were crushed (ca. 
500 g) in a plate crusher and milled (ca. 200 g) in an agate mill with every effort used to 
minimise contamination. Part of the uncrushed whole rock sample was retained for hand 
sample and thin section petrography. 
Whole rock major element data was obtained by the fusion bead X-ray 
fluorescence (XRF) method at Geoscience Australia.  For each fused glass, 1 g ± 1 mg 
of ignited powdered sample was mixed with 6 g ± 1 mg of 12:22 flux (Li-tetraborate 
and Li-metaborate mix).  This was then ignited in an overnight fusion cycle of 360 
minutes at 600°C, 440 minutes at 1000°C, then cooled.  The sample-flux mixtures were 
then placed into Pt crucibles in an Initiative Scientific F-M4 bead casting furnace and 
heated at 1100°C twelve minutes fusion time and were manually agitated every two 
minutes.  After ten minutes two thick-walled Pt mouldables were positioned in the two 
spare spaces in the furnace and pre-heated.  After twelve minutes of fusion the molten 
samples were poured into the mouldables to make the final bead shape.  A release cap, 
dosed with 0.5 µL of 5 % ammonium iodide solution in ethanol, was placed on each 
mouldable once it was removed from the furnace and the mouldable allowed to cool.  
Once cool the mouldables were inverted and beads removed.  NIM-G (SARM-1, 
Bushveld granite) and DR-N (diorite, France) powders were used as secondary 
reference materials and analysed using the same method.  The glasses were analysed 
with a Bruker D8 XRF. 
The fused glasses were also used for whole rock trace element analysis by LA-
ICP-MS at The Australian National University on a pulsed Lambda PhysikCOMPex 
110 193 nm Excimer Laser with an ANU-designed HelEx ablation cell and an Agilent 
7700 ICP-MS. The laser pulse rate was 10 Hz and the spot size was 81 µm for an 
ablation time of 40 s, with a pre-ablation of 25 s and a post-ablation time of 15 s.  The 
analysed isotopes were 29Si, 43Ca, 45Sc, 49Ti, 51V, 53Cr, 59Co, 61Ni, 65Cu,66Zn, 85Rb, 88Sr, 
 Taranaki 
105 
89Y, 90Zr, 93Nb, 95Mo, 107Ag, 118Sn, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 
157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 183W, 208Pb, 232Th, 
and 238U.  The primary calibration standard used was a BCR2G glass.  The DR-N fused 
glass from XRF analysis was also analysed using the same method as the Taranaki suite 
fused glasses as an additional reference.  Whole rock CaO, measured by XRF, was used 
for internal normalisation for the majority of the samples.  A NIST 612 glass was used 
as a secondary standard for quality control.  The LA-ICP-MS data was reduced using 
the software package Iolite (Paton et al., 2011). 
Whole rock PGE and Re abundances of 21 selected samples were determined by 
the modified NiS fire assay isotope dilution method described by Park et al. (2012bb). 
A detailed description of the method used is given in Appendix A. A single collector 
Agilent 7700 ICP-MS at the Australian National University was used to analyse the 
final solutions. Instrument sensitivities were 2.4 to 2.6 x 105 for mass 89, 3.3 x 105 for 
mass 140, 2.5 to 2.7 x 105 for mass 205. Molecular isobaric interferences were 
monitored by analysing solutions of Ni, Cu, Zn, Mo, Zr, Hf, and Ta.  Argide production 
rates of Ni, Cu, and Zn ranged from 0.003 to 0.006%.  The effects of the interferences 
were variable, reflecting the very low abundances of PGE in the samples and the 
variable content of elements common in porphyry systems that can interfere on PGE 
and Re isotopes, such as Cu and Mo.  Correction rates were <0.4% for Re, <0.5% for Pt, 
<2.5% for Pd (except for one sample, TNK09, with 9.6%), <4.9% for Ir (except for one 
sample, TNK12, with 12.4%), <6.6% for Rh, and <82% for Ru (Ni argide interference). 
The method limit of detection, taken as three standard deviations of the procedural 
blanks, were 0.9 ppt for Ir, 2.3 ppt for Ru, 1.0 ppt for Rh, 5.4 ppt for Pt, 22.6 ppt for Pd, 
and 34.3 ppt for Re. Total analytical uncertainties in the data, which primarily results 
from uncertainty in the blank subtraction and ICP-MS counting statistics, and 
measurements of blanks are listed in the results section. The reference material TDB-1 
(CCRMP-CANMET diabase) was used to assess the accuracy and precision of the 
measurements. Our analyses of the PGE and Re abundances in TDB-1 and error 
measurements are reported in the results section. They are consistent with the 
previously reported values of Plessen and Erzinger (1998), Peucker-Ehrenbrink et al. 
(2003), Meisel and Moser (2004), and Savard et al. (2010). 
5.4 PETROGRAPHY 
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The samples collected predominantly come from several of the lavas erupted from 
Taranaki over the last 10 ka; Summit, Skeet, Staircase, Fantham’s Peak and Warwick 
Castle/Warwick lavas (Table 5.1). Fantham’s Peak lavas come from the Fantham’s peak 
satellite cone on the south side of the summit of Mt. Taranaki whereas the other lavas 
originate from the main summit vent.  In addition, one pumice sample (assumed to have 
come from one of the more recent eruptions), one volcanic bomb, and one erupted 
fragment of a plutonic rock, were collected.  Some of the samples were collected from 
boulders (i.e. not in situ) however, the size and location of the boulders limits their 
origin and so provisional lava associations are assigned. The differences in mapping of 
the lava flows in previous publications means that samples are often grouped together 
differently.  For example Price et al. (1999) and Stewart et al. (1996) assign their 
samples to Summit, Staircase, Fantham’s Peak and Warwick lava groups, whereas the 
map of Townsend et al. (2008) also includes Skeet and Peters lava groups and the lava 
flows are mapped differently.  Therefore, because of the inclusion of addition samples 
from other studies (predominantly samples most recently analysed by Price et al., 1999), 
the samples collected here are labelled as Summit (including Skeet lavas as mapped in 
Townsend et al., 2008), Staircase (this sample could be Staircase (as in Price et al., 
1999) or Skeet (as in Townsend et al., 2008)), Fantham’s Peak and Warwick (Table 
5.1). 
The following brief descriptions are based on the samples collected during the 
field component of this study, with selected hand sample and thin section photos in 
Figure 5.2. More detailed descriptions of individual samples are included in Table E3 in 
Appendix E and a catalogue of hand sample photos and thin section scans is included in 
Table F2 in Appendix F. Plagioclase is the dominant phenocryst phase in most samples, 
followed by clinopyroxene.  Plagioclase crystals are typically euhedral to subhedral, 
zoned, and possess cores with sieve textures. Clinopyroxene is euhedral to anhedral and 
other phenocrysts are subhedral to anhedral. Hornblende, orthopyroxene, and 
(titano)magnetite phenocrysts occur in some samples. Mineral inclusions (typically Fe-
Ti oxides) in phenocrysts, predominantly clinopyroxene, are common throughout all 
samples. Plagioclase is typically the dominant mineral that makes up the groundmass.  
The total alkalis - silica plot indicates that the samples are trachy-basalt to trachy-
andesite (Fig. 5.3A) and the samples are predominantly medium-Fe (Fig. 5.3B) and fall 
across the alkaline – sub-alkaline division (Fig. 5.3). 
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Figure 5.2. A-D. Hand sample photos. E-I. Plane light photomicrographs. J-L. 
Reflected light photomicrographs showing sulfide blebs. A. Fantham’s Peak (TNK07). 
B. Summit (TNK13). C. Fantham’s Peak (TNK16). D. Summit (TNK14). E. Plutonic 
rock (TNK17) with crystals of clinopyroxene (partly replaced by hornblende), 
plagioclase, and (titano)magnetite. F. Warwick’s sample (TNK02) with phenocrysts of 
plagioclase (with corroded cores – sieve texture), clinopyroxene, and hornblende. G. 
Fantham’s Peak sample (TNK05) with phenocrysts of plagioclase and clinopyroxene. 
H. Fantham’s Peak sample (TNK15) with phenocrysts of plagioclase and 
clinopyroxene. I. Summit lava sample (TNK11) with phenocrysts of plagioclase, 
hornblende, and clinopyroxene. J. Fantham’s Peak sample (TNK15) with Cu-rich 
sulfide bleb in magnetite. K. Fantham’s Peak sample (TNK05) with small sulfide bleb. 
L. Plutonic rock (TNK17) with sulfide bleb. 
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Figure 5.3. A. Total alkali silica diagram. B. Total FeO/MgO against SiO2. Symbols 
and data from other sources as for Figure 5.3. Rock classification divisions from Le Bas 
et al. (1986). Alkaline - Sub-alkaline line from Irvine and Baragar (1971). Fe division 
lines from Arculus (2003). Tholeiitic - “calc-alkaline” line from Miyashiro (1974). 
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The compositions of the Summit (TNK 04, 10, 11, 12, 13, 14) and Staircase 
(TNK01) lavas are basaltic andesite to andesite rocks and their texture is porphyritic 
with phenocrysts of plagioclase, clinopyroxene, with minor hornblende and Fe-Ti 
oxides and rare orthopyroxene in a groundmass dominated by plagioclase (Figs. 5.2B, D 
& I). Titanomagnetite crystals with trellis texture lamellae were common in one sample 
(TNK13). 
Fantham’s Peak lava and scoria samples (TNK05, 06, 07, 08, 15, 16) are basalt 
to basaltic-andesite in composition, porphyritic, some vesicular, with phenocrysts of 
plagioclase, clinopyroxene and minor to rare orthopyroxene and hornblende (Figs. 5.2A, 
C, G & H). Pyroxene phenocrysts are typically larger (ca. 1 to 5 mm long) than 
plagioclase (ca. < 1 mm long) in the Fantham’s Peak samples, unlike in the other lava 
samples studied. Fe-Ti oxides typically occur as inclusions in pyroxene. The 
groundmass is dominated by plagioclase 
Warwick lavas are the oldest lava flows studied. The Warwick samples (TNK02 
& 03) are porphyritic andesites with phenocrysts of plagioclase, clinopyroxene, and 
hornblende with minor Fe-Ti oxides (Fig. 5.2F). The groundmass is predominantly 
made up of plagioclase. 
The volcanic bomb sample (TNK09) is porphyritic basaltic andesite with 
phenocrysts of plagioclase, clinopyroxene and minor hornblende and Fe-Ti oxides. 
The plutonic rock sample (TNK17) is a gabbro xenolith with a phaneritic texture 
comprising predominantly plagioclase and clinopyroxene with minor hornblende and 
orthopyroxene. Hornblende has replaced pyroxene in parts of the sample (Fig. 5.2E). 
This sample is similar to descriptions of other gabbroic cumulate xenoliths from 
Taranaki, which are interpreted to have crystallised from magma that ponded at a mid-
crustal level where hornblende replaced clinopyroxene under hydrous metosomatic 
conditions (Gruender et al., 2010). 
Rare sulfide blebs are observed in Fantham’s Peak (TNK05, 06, 15; Figs. 5.2J & 
K) and Summit samples (TNK 12 & 14) and the plutonic rock sample (TNK17; Fig. 
5.2L). The blebs are rounded in shape and up to 50 µm in diameter but were typically 5 
to 10 µm. They predominantly occur as inclusions in clinopyroxene but were also 
observed in titanomagnetite and plagioclase. The 50 µm bleb in titanomagnetite 
appeared to comprise chalcopyrite and bornite with a thin rim of chalcocite and 
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covellite (Fig. 5.2J).  Other blebs are presumed to also consist of chalcopyrite and 
bornite. 
5.5 RESULTS 
5.5.1 Whole rock major element geochemistry 
Whole rock major element data for samples collected in this study (TNK samples) are 
shown in Table 5.1 and reported in Table E4 and Figure E3 in Appendix E. MgO, TiO2, 
Fe2O3T and CaO decrease with increasing SiO2 (Fig. 5.4A-D).  The samples are 
predominantly high-K, and Na2O and K2O increase with increasing SiO2 (Fig. 5.4E & 
F) and Al2O3 shows little systematic variation (Fig. 5.4G).  These trends follow those of 
samples from other Taranaki studies (Fig. 5.4). With the exception of the gabbro sample 
(TNK17), Fanthams Peak samples are typically the most mafic of the lavas with the 
highest concentrations of FeOT, MgO, TiO2 and CaO, and lowest Na2O and K2O, 
consistent with basaltic andesite compositions associated with this eruption episode 
from the parasitic cone.  CaO and FeOT appear to comprise single trends whereas the 
other major elements shown depict (possibly) two or more trends, which is particularly 
evident in the case of K2O (Fig. 5.4).  
5.5.2 Whole rock trace element geochemistry 
Whole rock trace elements for samples collected in this study (TNK samples) are 
reported in Table E4 in Appendix E, with selected trace elements plotted in Figure 5.5. 
The trace element results are typically in agreement with previous studies of Taranaki 
samples. Copper concentrations broadly decrease with SiO2, but are scattered and 
individual lava suites do not show any systematic trends (Fig. 5.5A). LaN/YbN increases 
and DyN/YbN decreases with SiO2 (Figs. 5.5B & D). Eu/Eu* ((Eu/Eu*) = 
[(EuN)/(√(SmN*GdN))]) is scattered within a relatively narrow range of 0.85 to 0.97 
(Fig. 5.5C). Chondrite normalised (Palme and O'Neill, 2014) rare earth element (REE) 
plots show sloping light-REE (LREE) patterns with flat to shallow spoon-shaped heavy-
REE (HREE) patterns, in agreement with previous studies of other volcanic Taranaki 
samples (Fig. 5.6A). Fantham’s Peak samples typically have lower LREE and greater 
HREE abundances than the other samples. Some samples (e.g. the Staircase sample 
(TNK01)) have very small negative Eu anomalies. The greatest range in REE 
concentrations of the volcanic samples is seen in La and Ce. The plutonic rock sample 
has a convex LREE pattern with sloping HREE. Primitive mantle normalised (Palme 
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and O'Neill, 2014) multi-element plots of the volcanic samples are consistent with 
previous studies of Mt. Taranaki and show negative Nb anomalies, smaller negative Ti 
anomalies, and Ba, K, and Pb peaks (Fig. 5.6B). 
 
 
Figure 5.4. Normalised whole rock major element oxides (wt. %) plotted against SiO2. 
Data from other studies from (Kellett, 1991; Stewart et al., 1996; Price et al., 1999). 
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Figure 5.5. Selected trace element plots. A. Cu against MgO. B. LaN/YbN against SiO2. 
C. Eu/Eu* against SiO2. D. DyN/YbN against SiO2. Data from other studies from 
(Kellett, 1991; Stewart et al., 1996; Price et al., 1999; Platz, 2007; Turner, 2008; 
Zernack, 2008). 
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Figure 5.6. Chondrite normalised (Palme and O'Neill, 2014) rare earth element (REE) 
plots (A) and primitive mantle normalised (Palme and O'Neill, 2014) multi-element 
plots (B) of samples collected for this study compared to those of previous studies. Data 
from other studies from (Kellett, 1991; Stewart et al., 1996; Price et al., 1999; Platz, 
2007; Turner, 2008; Zernack, 2008). 
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5.5.3 Whole rock PGE and Re analysis 
Whole rock PGE and Re abundances are reported for 28 samples (Tables 5.2 & 5.3; all 
PGE and Re values are blank subtracted). Analyses of blanks and reference material 
(TDB-1) are reported in Tables 5.4 and 5.5. Eighteen of the 28 analysed samples had Ir 
concentrations above the detection limit and these range from 0.9 to 11.8 ppt. 
Ruthenium was below the detection limit in all but three samples, which ranged from 
3.6 to 95.4 ppt. Rhodium, Pt and Pd analyses were all above the detection limit and 
range from 1.2 to 57.2 ppt Rh, 187 to 86600 ppt Pt, and 212 to 6060 ppt Pd. Rhenium 
concentrations were measurable in 17 samples and range from 36.4 to 752 ppt. Only the 
Pt, Pd, and Rh results will be discussed further. 
Primitive mantle (Palme and O'Neill, 2014) normalised PGE and Re 
concentrations are plotted in Figure 5.7. Abundances of Pt, Pd, and Rh are plotted 
against whole rock MgO contents for each of the Taranaki suite samples (Fig. 5.8) with 
general trends showing decreasing Pt, Pd, and Rh with decreasing MgO. Warwicks and 
Staircase lavas decrease in Pt, Pd and Rh with decreasing MgO whilst Summit lava 
samples show a scattered distribution. At MgO values greater than ca. 4.2 wt. % 
Fantham’s Peak samples show little variation in Pt, a gently increasing Pd, and 
decreasing Rh trends.  However, there is a decrease in Pt, Pd and Rh below ca. 4.2 wt. 
% MgO. The volcanic bomb sample (TNK09) has anomalously high Pt (86.6 ppb), but 
Pd and Rh concentrations that are comparable to other samples at similar MgO values. 
The plutonic rock sample (TNK17) contains relatively high concentrations of Pt (10.8 
ppb) and Pd (15.8 ppb). 
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Figure 5.7. Primitive mantle normalised (Palme and O’Neill, 2014) PGE and Re 
concentrations. A. Fantham’s Peak, bomb, and plutonic (gabbro) samples. B. Summit, 
Staircase, and Warwicks samples. 
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Figure 5.8. Platinum, Pd, and Rh concentrations (ppt) of Taranaki samples plotted 
against MgO (wt. %). 
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5.6 DISCUSSION 
5.6.1 Magmatic evolution of the suite 
The petrology and geochemistry of the volcanic material erupted from Mt. Taranaki 
over the last 10 ka reflects a complex magmatic plumbing system beneath the volcano 
where multiple batches of magma are ponding at different depths in the crust as it has 
evolved (Price et al., 1992; Stewart et al., 1996; Price et al., 1999; Price et al., 2005; 
Turner et al., 2008; Turner et al., 2011; Zernack et al., 2012). Gravity modelling 
indicates large bodies with andesite-like densities extending to 5-6 km beneath the 
Taranaki volcanoes and seismic data suggests intrusions to ca. 10 km depth, reflecting 
periodic injections of magma from deeper magma chambers (Locke et al., 1993; Locke 
and Cassidy, 1997; Sherburn et al., 2006). Characteristics of the primitive melts come 
from analysis of rare Mg-rich olivine xenocrysts with inclusions of chromite and 
suggest the melts were high-Mg, oxidised, and fractionating olivine early on in the 
evolution of the magmatic system (Stewart et al., 1996). Compositional variations of 
phenocrysts, both between cores and rims of individual phenocrysts and across the 
phenocryst population, zoning patterns, evidence of resorption and mineral 
replacements are indicative of the physical and chemical properties of the magmas 
changing from primary melt generation through to eruption (Stewart et al., 1996; Price 
et al., 1999; Turner et al., 2008; Turner et al., 2011; Zernack et al., 2012). 
The petrography largely reflects the state of the magmas in the shallower crust 
prior to eruption, whereas the geochemistry of the samples gives clues about the 
magmatic evolution of the system at lower to mid-crustal levels. The presence of 
xenocrysts and the occurrence of magma mixing can complicate fractionation 
interpretations of the whole rock geochemical trends. The lavas are high-K (Fig. 5.4F) 
with the youngest eruptives being the most K-rich (Stewart et al., 1996; Price et al., 
1999; Zernack et al., 2012). The decrease of MgO, CaO, and FeOt with SiO2 (Fig. 5.4), 
the increase of LaN/YbN and decrease of DyN/YbN with SiO2 (Figs. 5.5C & D), and the 
REE patterns (Fig. 5.6A) suggest pyroxenes, predominantly clinopyroxene, and 
hornblende were significant crystallising phases during the magmatic evolution of the 
Taranaki lavas. The decrease in TiO2 with SiO2 indicates that (titano)magnetite, which 
occurs principally as inclusions in pyroxene crystals, was also fractionating. The 
increase of K2O and Na2O with SiO2 (Figs. 5.4E & F), lack of depletion of Al2O3 (Fig. 
5.4G), and absence of, or very weak, negative Eu anomalies (Fig. 5.5C) in the volcanic 
 Taranaki 
123 
samples shows that feldspars were not important fractionating phases during magmatic 
evolution in a deep parental magma chamber. However, plagioclase is a significant 
phase in the gabbro xenolith rock but this sample also lacks a significant Eu anomaly 
(Eu/Eu* = 0.90). The absence of or very weak Eu anomalies in this case could therefore 
be a result of the magmas being relatively oxidised (i.e. ƒO2 > QFM), so there is little 
Eu2+, relative to Eu3+, available to partition into the crystallising plagioclase (Burnham 
et al., 2015; Richards, 2015). Titanomagnetite-ilmentite pairs were used to give 
indications of ƒO2 of Taranaki magmas and estimates reported were QFM + 0.8-1 at 
eruption and QFM + 2.5-3 at early stages of fractionation of parental magmas (Stewart 
et al., 1996). Plagioclase is a significant phenocryst in all the studied volcanic samples, 
indicating that it is crystallising in mid- to shallow crustal magma chambers. These 
findings agree with previous studies of Mt. Taranaki samples, which suggest the lavas 
are derived from hydrous high-Mg oxidised magmas that underwent magma mixing, 
fractionation, and assimilation whilst recharging higher-level magma chambers and 
stalling at different levels in the crust, producing a complex plumbing system beneath 
the volcano (Price et al., 1992; Stewart et al., 1996; Price et al., 1999; Price et al., 2005; 
Turner et al., 2008; Turner et al., 2011; Zernack et al., 2012).  
5.6.2 Sulfide saturation during magmatic evolution of Taranaki lavas 
The presence of nuggets, suggested by duplicate samples with concentrations that are 
not within error of each other, complicates the interpretation of the trend lines shown in 
Figure 5.8.  The analysed samples have two components, a solidified melt component 
and a nugget (or cumulate) component.  The melt component is best evaluated by 
drawing a trend line through the lowest points to minimise the nugget effect, as shown 
in Figure 5.8. Fantham’s Peak samples with MgO concentrations >4.2 wt. % show a flat 
Pt trend, a gently increasing Pd trend, and a decreasing Rh trend with decreasing MgO 
(Fig. 5.8). Previous studies, such as that of Pual Ridge, Niuatahi-Motutahi, and El Abra, 
show decreasing Pt (and in some cases other IPGE) but increasing Pd with decreasing 
MgO in samples with MgO concentrations above the point of sulfide saturation, and 
these trends are attributed to Pt-alloy formation (Park et al., 2013a; Cocker et al., 2015; 
Park et al., 2015). This does not appear be the case with the Fantham’s Peak samples 
where Rh decreases at higher MgO values but Pt does not, which may be due to 
fractionation of spinel phases in oxidised magmas that incorporate Rh (and IPGE) in 
solid solution but not Pt (Park et al., 2012a).  
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The decrease in Pt, Pd, and Rh concentrations with decreasing MgO in the 
Warwick, Staircase, and Fantham’s Peak lavas with MgO <4.2 wt. % (Fig. 5.8) 
indicates there was a phase present in the magmas into which these PGE were 
fractionating. These trends are similar to the rapid decrease in PGE concentrations at 
lower MgO values seen in the Pual Ridge, Niuatahi-Motutahi, and El Abra studies (Park 
et al., 2013a; Cocker et al., 2015; Park et al., 2015) and are attributed to an immiscible 
sulfide melt fractionating in the deep parent magma chamber. The change in PGE trends 
in the Fantham’s Peak samples at ca. 4.2 wt. % MgO suggests that it is at this point 
during magmatic evolution that sulfide saturation occurred in these lavas. The 
Warwicks, Staircase, and Fantham’s Peak PGE trends in the lower MgO samples have 
differing slopes, which could be explained by differing amounts of sulfide melt forming 
at sulfide saturation. The Pt, Pd, and Rh concentrations of the Summit samples are 
scattered and no clear trend indicative of sulfide saturation, or any other magmatic 
processes, is observed. 
Copper and gold will also partition into a sulfide melt. Although there is 
significant scatter in the Cu data plotted against MgO (Fig. 5.5A), the Fantham’s Peak 
samples analysed in this study show a general decreasing trend with decreasing MgO, 
with the exception of one sample (Fig. 5.9A). This is compared to those from the 
Niuatahi-Motutahi and Pual Ridge suites, both of which became sulfide saturated during 
magmatic evolution at ca. 2 to 3 wt. % MgO (Fig. 5.9; Park et al., 2013a; Park et al., 
2015). The trends exhibited by these two suites show an increase in the Cu 
concentrations of the magmas until sulfide saturation, at which point the Cu 
significantly drops with decreasing MgO. However, the Fantham’s Peak samples show 
a broad trend of decreasing Cu with decreasing MgO, i.e. there is no significant change 
in the Cu trend where sulfide saturation is thought to have occurred (ca. 4 wt. % MgO) 
based on the PGE trends (Figs. 5.8 & 5.9C). This could be because the amount of 
sulfide melt that has formed at sulfide saturation is very small and the Cu concentrations 
are less affected by it (c.f. El Abra in Chapter 2), which can occur in more oxidised 
magmatic systems. Further analysis of additional Taranaki samples with >4 wt. % MgO 
may help to resolve this. 
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Figure 5.9. Various geochemical plots of Taranaki samples compared to Niuatahi-
Motutahi (Park et al., 2015) and Pual Ridge (Park et al., 2013a) suites.  
 
Trends of Pd/Pt and Pd/Cu (Fig. 5.9B & D) provide further evidence for the 
occurrence of sulfide saturation in a deep magma chamber during the magmatic 
evolution of Mt. Taranaki. The changes in trends of Pd/Pt and Pd/Cu in the Fantham’s 
Peak samples at ca. 4 wt. % MgO are comparable to those seen in the Niuatahi-
Motutahi and Pual Ridge suites (ca. 2 to 3 wt. % MgO; Fig. 5.9B & D). The increasing 
Pd/Pt with decreasing MgO of the Niuatahi-Motutahi and Pual Ridge samples with 
MgO >3 wt. % reflects the fractionation of a Pt-alloy, which sequesters Pt but not Pd  
However, at sulfide saturation, both Pd and Pt partition into the sulfide melt and Pd/Pt 
decreases with decreasing MgO (Park et al., 2013a; Park et al., 2015). Similarly, the 
Niuatahi-Motutahi and Pual Ridge samples with MgO >3 wt. % produce a relatively flat 
Pd/Cu trend with decreasing MgO  as Cu and Pd are behaving incompatibly.  However, 
at sulfide saturation, both Pd and Cu partition into the sulfide melt and Pd/Cu decreases 
with decreasing MgO because Pd has a much higher sulfide melt–silicate melt partition 
coefficient than Cu (Campbell and Barnes, 1984; Ripley et al., 2002; Fonseca et al., 
2009; Park et al., 2013a; Mungall and Brenan, 2014; Park et al., 2015). The similar 
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trends of the Fantham’s Peak samples suggest that sulfide saturation occurred at ca. 4 
wt. % MgO, at which point both Pd/Pt and Pd/Cu begin to decrease with decreasing 
MgO. At higher MgO concentrations, fractionation of the magmatic system took place 
under sulfide undersaturated. 
Sulfide saturation in the Niuatahi-Motutahi and Pual Ridge magmas was brought 
about by magnetite saturation. Crystallisation of magnetite causes the magmas to 
become relatively reduced, converting sulfate to become sulfide, and leading to sulfide 
saturation (Jenner et al., 2010; Park et al., 2013a; Jenner et al., 2015; Park et al., 2015). 
However, magnetite saturation did not initiate sulfide saturation in the El Abra-Pajonal 
suite where the magma was becoming increasingly oxidised (Chapter 2). The cause of 
sulfide saturation in the Taranaki magmas is less clear. The Fantham’s Peak samples 
show a FeOt depletion trend (Fig. 5.4), unlike the Niuatahi-Motutahi or Pual Ridge 
suites that have Fe-enrichment trends followed by decreases in FeOt due to the onset of 
magnetite fractionation at ca. 3 and 4 wt. % MgO, respectively (Park et al., 2013a; Park 
et al., 2015). The Fantham’s Peak and other Taranaki lavas became (titano)magnetite 
saturated earlier on during magmatic evolution, which is supported by the presence of 
(titano)magnetite, typically as inclusions in other phenocrysts or as individual large 
crystals, in the majority of samples. Rather than a “magnetite crisis” (Jenner et al., 
2010) inducing sulfide saturation, early and continuous magnetite precipitation 
gradually lowered the oxidation state of the magma and build up of sulfur led eventually 
to sulfide saturation. This could explain why the magmas became sulfide saturated at a 
higher MgO concentration (ca. 4 wt. %) than the Niuatahi-Motutahi and El Abra (ca. 2.5 
wt. %) and Pual Ridge (ca. 3 wt. %) systems. 
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5.6.3 Sulfide blebs 
The presence of sulfide blebs in several Taranaki samples (e.g. Figs. 5.2J to L) is further 
evidence of the occurrence of sulfide saturation during magmatic evolution. Sulfide 
blebs are found in many other igneous rocks, including other arc suites and porphyry-
related systems (e.g. Keith et al., 1997; Larocque et al., 2000; Stavast et al., 2006; Park 
et al., 2013b; Park et al., 2015). As a trapped sulfide melt cools, monosulfide solid 
solution (mss) crystallises and a Cu-rich residual sulfide melt remains, which upon 
further cooling crystallises to intermediate solid solution (iss), and with further cooling, 
pyrrhotite, pentlandite and pyrite may form from mss and chalcopyrite from iss (Ebel 
and Naldrett, 1997; Barnes et al., 2006). Bornite is another phase that can form 
alongside mss and iss in sulfide blebs (Ebel and Naldrett, 1997; Park et al., 2015). 
However, experiments by Bell et al. (2009) showed that a quenched sulfide liquid 
product can form from an initial sulfide phase assemblage of chalcopyrite and bornite. 
The sulfide blebs in the Taranaki samples are also composed of chalcopyrite and 
bornite, indicating that the sulfide melt from which they quenched was Cu-rich. They 
occur as inclusions in phenocrysts, typically clinopyroxene, suggesting they 
predominantly originate from a magma chamber deeper in the crust. The sulfide blebs 
were only observed in five of the volcanic TNK numbered samples, which had MgO 
concentrations ranging from 2.91 to 3.66 wt. % (i.e. after the magma reached sulfide 
saturation), and the gabbro xenolith. The samples acquired from other Taranaki studies 
were not petrographically examined.  
5.6.4 The hydrothermal mineralisation potential of Taranaki 
Overall, the Pt and Pd concentrations of all the studied Taranaki samples are 
comparable to those from other arc-related igneous suites that are associated with 
hydrothermal mineralisation, including the El Abra-Pajonal samples (Chapter 2) and the 
Grasberg suite (Chapter 4; closed diamonds in Fig. 5.10).  These concentrations are 
significantly higher at the same MgO value than those of similar suites that have no 
known association with hydrothermal mineralisation (open circles in Fig. 5.10). While 
the Pt and Pd concentrations for Taranaki are on par with magmas that have high 
chalcophile element fertility, the Cu results are inconclusive. 
If sulfide saturation occurs in a secondary magma chamber within the shallow 
crust the sulfide minerals that precipitate from the melt may later interact with fluids 
and destabilise, releasing their chalcophile elements into the forming ore fluid (Keith et 
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al., 1997; Larocque et al., 2000; Halter et al., 2002; Halter et al., 2005; Stavast et al., 
2006; Richards, 2009; Nadeau et al., 2010; Audétat and Simon, 2012; Wilkinson, 2013; 
Nadeau, 2015; Park et al., 2015). However, if sulfide saturation occurs in a deeper 
parental magma chamber, as appears to be the case at Taranaki, the chalcophile 
elements are stripped from the fractionating silicate magma and become “trapped” in 
sulfides within cumulate rocks; Cu, Au, and PGE are therefore unable to partition into 
the ore-forming hydrothermal fluid (Cocker et al., 2015). Therefore, the porphyry 
mineralisation potential of a magmatic system in this case is dependent on the amount 
of sulfide melt that forms. In the case of the El Abra-Pajonal suite, a small amount of 
sulfide melt formed at sulfide saturation; enough to sequester PGE and Au, but not 
significantly affect the Cu, thus allowing a Cu-only porphyry deposit to form (Cocker et 
al., 2015). If even smaller amounts of sulfide melt forms or sulfide saturation does not 
occur, then a Cu-Au or Cu-Au-Pd porphyry system may develop (e.g. Grasberg; 
Chapter 4). 
Mount Taranaki has the potential to form a porphyry system in the far future but 
requires continued magmatic evolution with new magma pulses, magma mixing, 
assimilation and fractionation to reach more felsic compositions, such as those 
associated with many other porphyry systems where amphibole fractionation in hydrous 
magmas typically dominates in deeper magma chambers (e.g. El Abra and Grasberg; 
Chapters 2 & 4). If sulfide saturation of the developing magmas persists with each new 
magmatic phase then the oxidation state of the magmas, the amount of sulfide melt that 
forms, and the timing with respect to saturation of volatile phases will influence any 
future porphyry mineralisation.  
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Figure 5.10. Platinum and Pd (ppb) plotted against MgO (wt. %) for various arc-related 
igneous suites; Taranki (this study), El Abra (Cocker et al., 2015), Pual Ridge (Park et 
al., 2013a), Grasberg (Chapter 4), Cadia (Lowczak and Cocker, unpublished data), 
Niuatahi-Motutahi (Park et al., 2015), Andes (Park and Cocker, unpublished data), 
Nakan-Magerang-Imang (Setiabudi et al., 2007), Sanin and Sanyo-Ryoke (Park et al., 
unpublished data). 
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5.7 CONCLUSIONS 
The petrology and whole rock geochemical analysis of samples from Mt. Taranaki 
shows that pyroxenes and hornblende were significant fractionating phases, along with 
(titano)magnetite, during magmatic evolution in mid- to lower-crustal magmas 
chambers. Plagioclase became a major crystallising phase in shallower parts of the 
magmatic system. Platinum group element analysis of 28 samples from Mt. Taranaki 
show little variation in Pt, a gently increasing Pd, and decreasing Rh trends with 
decreasing MgO in Fantham’s Peak samples with > 4.2 wt. % MgO. Warwicks, 
Staircase, and Fantham’s Peak samples with lower MgO concentrations show 
decreasing PGE with decreasing MgO. The change in PGE concentrations to decreasing 
trends at ca. 4 wt. %  MgO suggest that sulfide saturation has occurred during magmatic 
evolution of Mt. Taranaki. The occurrence of sulfide blebs in many of the samples 
confirms this conclusion. Platinum and Pd concentrations of the Mt. Taranaki samples 
are similar to those of other arc-related suites that are associated with hydrothermal 
mineralisation, which is significantly higher than those of suites that have no associated 
hydrothermal mineralisation. The timing of sulfide saturation relative to volatile 
saturation and the amount of sulfide melt to form will influence any possible future 
porphyry-style mineralisation at Mt. Taranaki. 
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CHAPTER 6. SUMMARY AND CONCLUSIONS 
 
6.1 SUMMARY OF CASE STUDIES 
Platinum group elements have the highest sulfide melt – silicate melt partition 
coefficients of the chalcophile elements, which makes them the most sensitive 
indicators of sulfide saturation in an evolving magmatic system. They are also less 
mobile in hydrothermal systems than Cu or Au, making them ideal for analysis in 
igneous suites that are associated with porphyry Cu ± Au deposits to determine if 
sulfide saturation occurred during magmatic evolution. 
The El Abra-Pajonal intrusive complex, northern Chile, comprises intermediate 
to felsic plutonic rocks and porphyries that gave rise to a Cu-only porphyry deposit. The 
oldest rocks in the complex and the younger granites and aplites form a series where 
plagioclase was the dominant fractionating phase whereas the other intrusions, 
including the ore-associated El Abra porphyry, developed from amphibole dominant 
fractionation. A rapid decrease in Pt and Pd concentrations with decreasing MgO below 
2.5 wt. % MgO indicates that sulfide saturation occurred late in the evolution of the 
magma but before formation of the porphyry-forming ore-fluid. However, the amount 
of sulfide melt to form was small; enough to sequester the PGE and Au but minimal Cu. 
The remaining Cu in the silicate melt was therefore available to form the Cu-only 
porphyry deposit upon volatile saturation of the ore-fluid (Chapter 2). 
The intrusive rocks of the Grasberg-Ertsberg district, Papua, Indonesia, are 
associated with significant porphyry Cu-Au-(Pd) and skarn mineralisation. U-Pb ages of 
zircons gives weighted average ages of the intrusions to be: Wanagon Sill 3.56 ± 0.04 
Ma; Gajah Tidur 3.47 ± 0.04 Ma; Dalam 3.45 ± 0.03 Ma; porphyritic dyke (crosscutting 
Gajah Tidur) 3.29 ± 0.04 Ma; MGI 3.24 ± 0.11 Ma; Karume 3.21 ± 0.03 Ma; Kali 3.13 
± 0.03 Ma; and Ertsberg 2.83 ± 0.03 Ma. These ages indicate that the duration of 
magmatism of the Grasberg-Ertsberg intrusions was 730 ± 50 k.y. (Chapter 3). The PGE 
and Re concentrations suggest that sulfide saturation did not occur during magmatic 
evolution of the intrusions, and so Cu, Au, and PGE were concentrated by fractional 
crystallisation and available to partition into the mineralising fluid (Chapter 4). 
Mount Taranaki, a young stratovolcano in New Zealand, has no known porphyry 
mineralisation. The lavas are less evolved than the intrusions of the El Abra-Pajonal or 
Grasberg-Ertsberg igneous complexes. The PGE and Re concentrations suggest that 
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sulfide saturation has occurred during the evolution of the magmatic system at ca. 4 wt. 
% MgO (Chapter 5). Platinum and Pd concentrations of the Mt. Taranaki samples are 
similar to those of other arc-related suites that are associated with hydrothermal 
mineralisation (Pt or Pd typically > 0.1 ppb), which is significantly higher than those of 
suites that have no association with hydrothermal mineralisation (Pt or Pd typically < 
0.1 ppb). If sulfide saturation of the developing Taranaki magmas persists with each 
new magmatic phase then the oxidation state of the magmas, the amount of sulfide melt 
that forms, and the timing with respect to saturation of volatile phases will influence any 
future porphyry mineralisation. 
6.2 SULFIDE SATURATION IN MAGMATIC SYSTEMS ASSOCIATED WITH PORPHYRY 
DEPOSITS 
If sulfide saturation occurs in a shallower-level secondary magma chamber, the sulfide 
minerals that precipitate from the melt may later beak down and release their 
chalcophile elements into the ore fluid (Keith et al., 1997; Halter et al., 2002; Halter et 
al., 2005; Richards, 2009; Nadeau et al., 2010; Audétat and Simon, 2012; Wilkinson, 
2013; Nadeau, 2015). In contrast, the results of this Ph.D. research show if sulfide 
saturation occurs in a deep parental magma chamber during magmatic evolution, a 
porphyry deposit can still develop if the amount of sulfide melt that forms is small and 
sulfide saturation occurs before volatile saturation of the ore-fluid (i.e. saturation of the 
volatiles that form the ore fluid into which ore constituents will partition to form an 
H2O-rich brine or vapour with variable amounts of ore-constituents), for example, at El 
Abra. The chalcophile elements will partition into the sulfide melt according to their 
sulfide melt – silicate melt partition coefficients: approximately 103 for Cu, 104 for Au, 
and 105-106 for Pd (e.g. Campbell and Barnes, 1984; Ripley et al., 2002; Fonseca et al., 
2009; Mungall and Brenan, 2014). If sulfide saturation does not occur then the PGE, 
Au, and Cu are free to ascend into shallower magma chambers and can partition into the 
ore-forming fluid to produce a Cu-Au-(Pd) porphyry deposit (e.g. Grasberg; scenario A 
in Fig. 6.1). A very small amount of sulfide melt forming at sulfide saturation will 
sequester PGE but not Au or Cu, thus a Cu-Au porphyry deposit could still form 
(scenario B in Fig. 6.1). If a small amount of sulfide melt forms then the silicate magma 
will be stripped of PGE and Au, but not Cu, so the system could still produce a Cu-only 
porphyry deposit (e.g. El Abra; scenario C in Fig. 6.1).  If a greater amount of sulfide 
melt  forms  the  PGE, Au, and  Cu  will  partition  into  it  and  be  trapped in cumulates 
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Figure 6.1. Simplified schematic diagram showing effects of different amounts of 
sulfide melt forming at sulfide saturation in a deep parental magma chamber and the 
influence this has on porphyry mineralisation. A. Deep magma chamber where no 
sulfide saturation occurs. B to D. Deep magma chambers where varying amounts of 
sulfide melt form at sulfide saturation, which affects the availability of chalcophile 
elements to ascend into shallower magma chambers. Fractionation graphs assume 
sulfide saturation at 70 % (dashed line) and ore-fluid saturation at 80 % (dotted line) 
fractionation. Sulfide saturation occurs over a 10 % fractionation interval (70-80 %). 
Partition coefficients used in the modelling are Cu = 1.5 x 103, Au = 104 and Pd = 2 x 
105. Further details are found in Chapters 2 and 4. 
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crystallising in the deep magma chamber (scenario D; Fig. 6.1). 
The oxidation state of magmas affects the amount of sulfide relative to sulfate 
(Métrich and Clocchiatti, 1996). In more oxidised magmas sulfate is the stable sulfur 
species and readily dissolves in silicate melts. In more reduced magmas sulfide is stable, 
which is less soluble. Magmas generated in arc-settings above subduction zones are 
typically oxidised compared to MORB and near the sulfide-silicate transition at ca. 
QFM + 1, which can make sulfate the dominant sulfur species and delay the onset of 
sulfide saturation (Richards, 2015, and references therein). Sulfide saturation occurring 
much later during magmatic evolution (e.g. at ≤ 3 wt. % MgO) could be due to magmas 
becoming increasingly oxidised with fractionation (e.g. El Abra-Pajonal). 
6.3 CONCLUDING STATEMENT 
Platinum group elements can be used to indicate whether sulfide saturation has occurred 
during the evolution of magmatic systems associated with porphyry mineralisation. If 
sulfide saturates in a deep parental magma chamber, before volatile saturation of the 
ore-fluid, then it is the amount of sulfide melt that forms that determines the chalcophile 
element profile of the mineralising fluid. Sulfide saturation therefore has a governing 
control over both the availability of the chalcophile elements to partition into the 
hydrothermal ore-fluid phase and the type of mineralisation that forms (i.e. Cu, Cu-Au, 
or Cu-Au-Pd). 
6.4 FUTURE WORK 
Suggestions for future work to further understand the behaviour of PGE (and therefore 
other chalcophile elements such as Cu and Au) in magmatic systems associated with 
porphyry deposits and the timing of sulfide saturation in these systems are: (1) Analysis 
of PGE in several other igneous suites associated with porphyry deposits will confirm 
whether the conclusions stated here represent magmatic processes that are a common 
phenomena in systems associated with porphyry mineralisation; (2) Further 
experimental studies of PGE partitioning behaviour into hydrothermal fluids would 
enhance our understanding of (a) how PGE and other chalcophile elements in sulfides in 
shallower magma chambers could be released into volatile phases exsolving from the 
magma upon the oxidation of the sulfides, and (b) the mobility of PGE in igneous rocks 
by fluids during hydrothermal alteration. 
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West-central North Island of New Zealand 
(Image modified from GeoMapApp (www.geomapapp.org) and Ryan et al (2009)). 
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(Photograph taken by author) 
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The Journey of Mount Taranaki 
(Maori legend) 
 
Sorrel Hoskin 
 
 
In the past many magnificent mountain gods lived near the heart of the North Island Te 
Ika a Māui (the fish of Māui): Ruapehu, Tongariro, Ngāuruhoe, Taranaki, Tauhara... 
and the only female - little Pihanga. 
 
Pihanga was a gracefully contoured mountain with bush robed flanks and a delicate 
nature. All the mountains wanted Pihanga for their own - but particularly Tongariro 
and Taranaki. 
 
The earth shook as the two fought. Lightening crashed, thunder rolled, ash and molten 
lava spumed from the mountains. In the fighting Tongariro lost his head, some say he 
deliberately broke it off to fling it at Taranaki, others say Taranaki sliced it off with a 
powerful blow. The top flew off and fell into the centre of Lake Taupo where it can be 
seen today as Motutaiko Island. 
   
But Tongariro was the stronger of the two mountains. He defeated Taranaki, whose 
peak shuddered and sides convulsed. Tongariro gave a final departing kick to 
Taranaki's flanks and the defeated mountain dived underground. Toka - a - Rauhotu, a 
small stone of great mana, acted as a guide stone, leading him to the coast. In his flight 
he carved the Wanganui River, forming the Ngāere swamp when he stopped to rest. 
 
At the water's edge Toka - a - Rauhotu lead Taranaki beneath the sea and north-west up 
the coast. He surfaced briefly and glimpsed Pouākai, a beautiful range. He settled 
beside her, and the guide stone rested on his seaward side. 
 
Taranaki and Pouākai had many children, wind and rain, plants and people, rocks and 
rivers. 
 
In the Central North Island Tongariro stands protectively over the little mountain 
Pihanga, wrapping her in soft clouds of love as she lies nestled by the town of Turangi 
on the shores of Lake Taupo. 
 
 
 
 
 
 
  
First published 12 April 2005 
Puke Ariki 
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APPENDIX A. PGE ANALYSIS 
 
WHOLE ROCK PGE (RU, RH, PD, IR, PT) AND RE ANALYSIS 
The principal analysis undertaken during this Ph.D research is the determination of 
whole rock PGE and Re concentrations. The methodology is outlined below with 
information specific to each sample suite described in each chapter.  
PGE and Re abundances were measured using a NiS fire assay isotope dilution 
method, based on Ravizza and Pyle (1997), Setiabudi et al. (2007) and Park et al. 
(2012). Selected whole rock samples were plated crushed and approximately 100 g was 
then powdered in an agate ring mill. Five grams of the powdered whole rock sample, 
0.5 g Ni, 0.25 g S, and 5 g Na borax were weighed to five decimal places, mixed 
together thoroughly on clean weighing paper, and put into a CoorsTek porcelain 
crucible. Sample-free mixtures of 0.5 g Ni, 0.25 g S, and 10 g Na borax were analysed 
as procedural blanks. A mixed PGE and Re spike solution (99Ru, 105Pd, 185Re, 191Ir, and 
195Pt) was weighed and added to the powder in each crucible. This crucible was placed 
inside a larger outside crucible, which contained approximately 0.1 g flour to generate 
reducing conditions during fusion. The crucibles were dried for one hour at 100°C 
before their being placed in a preheated furnace at 1100°C for 30 minutes. Nitrogen gas 
was flowed through the furnace at approximately 0.03 m3/min to ensure reducing 
conditions during fusion. The samples were quenched by their removal from the furnace 
and once cool the crucibles were broken open and the NiS beads collected. The beads 
were dissolved in 150 mL 6 M HCl, then filtered through 0.45 µm cellulose membrane 
Millipore filter paper and washed with Milli-Q water. PGEs should not have dissolved 
and are collected on the filter paper whilst other elements should dissolve in the acid 
and filter through the paper. The filter paper was completely digested in 4 mL of aqua 
regia (1 mL of 14 M HNO3 and 3 mL of 8 M HCl) and then dried down to 
approximately 100 µL. The solution was then diluted to 5 mL with 2 % HNO3 and 
refluxed at 120°C for two hours. This final solution was then cooled, stored overnight, 
and centrifuged before analysis by ICP-MS. A sub-boiling system (Savillex DST-1000) 
was used to purify all reagents used in this study.  
Duplicates of the El Abra-Pajonal samples and associated blank and reference 
material (TDB-1) samples were analysed following an additional Te co-precipitation 
step, which was attempted to improve Au recovery. This step immediately follows NiS 
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bead dissolution in HCl before filtration. Diluted solutions of 20 µgg-1Te (3 mL) and 
0.04 g SnCl2.2H2O in 9 mL 3.24 molL-1 were added to each dissolved NiS bead 
solution and placed on a hot plate for several hours before filtration. 
Elemental abundances in the final solutions were analysed by an Agilent 7700x 
quadrupole ICP-MS at the Australian National University. Instrument sensitivities were 
(in cps) 2.6 to 3.4 x 105 for mass 89, 3.2 to 3.3 x 105 for mass 140, and 2.3 to 3.1 x 105 
for mass 205. Molecular isobaric interferences were monitored by analysing solutions of 
Ni, Cu, Zn, Mo, Zr, Hf, and Ta. The effects of the interferences were variable, reflecting 
the very low abundances of PGE in the samples and the variable content of elements 
common in porphyry systems that can interfere on PGE and Re isotopes, such as Cu and 
Mo. The concentrations of Ir, Ru, Pt, Pd, and Re were determined by isotope dilution. 
Concentrations of Rh were corrected by the method of Meisel et al. (2003), using count 
rates of 103Rh and 106Pd, with the assumption that any loss of Rh during the analytical 
procedure was similar to loss of Pd. The numbers of atoms of 103Rh in the sample + 
spike mixture ܰ௠௜௫ଵ଴ଷோ௛ are calculated with the following equation: 
 
ܰ௠௜௫ଵ଴ଷோ௛ =
ܰ௠௜௫ଵ଴଺௉ௗ × ܥ௠௜௫ଵ଴ଷோ
ܥ௠௜௫ଵ଴଺௉ௗ
×
ܥ௦௧௔௡ௗ௔௥ௗଵ଴ଷோ௛
ܥ௦௧௔௡ௗ௔௥ௗଵ଴଺௉ௗ
× ௦ܰ௧௔௡ௗ௔௥ௗ
ଵ଴ଷோ௛
௦ܰ௧௔௡ௗ௔௥ௗ
ଵ଴଺௉ௗ  
 
Where N୫୧୶୅  and Nୱ୲ୟ୬ୢୟ୰ୢ୅  are the numbers of atoms of isotope A in the sample + spike 
mixture and standard, respectively, and C୫୧୶୅  and Cୱ୲ୟ୬ୢୟ୰ୢ ୅ are the count rates of isotope 
A in the sample + spike mixture and standard, respectively. 
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APPENDIX B. EL ABRA 
 
 
 
Figure B1. Detailed geology map of El Abra-Pajonal intrusions and surrounding district 
with samples locations marked.  Locations with numbers refer to samples analysed for 
PGE concentrations.  Sample numbers have the prefix ANU07- except for ANU00-131, 
ANU00-180, and ANU00-182. Map modified after Valente (2008), Tomlinson et al. 
(1995) and Barrett (1997). 
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Figure B2. Geology map of the El Abra mine pit with sample locations shown.  
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Figure B3. Partition coefficients for amphibole, clinopyroxene, and plagioclase with 
andesite melt from various literature sources. 
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Figure B4. Pd versus Pt and Pd versus Cu plots for El Abra-Pajonal suite samples.  Red 
squares indicate samples with MgO abundances greater than 2.5 wt. %, blue diamonds 
are samples with MgO less than 2.5 wt. %. 
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Table B1. U-Pb zircon age results for samples from the El Abra-Pajonal igneous 
complex showing 208Pb-corrected 206Pb/238U emplacement ages (Ma). 
Sample Intrusive unit 
208Pb corrected, 
206Pb/238U 
emplacement 
age (Ma) 
2σ1 MSWD n 
ANU07-118 Lagarto porphyry 35.53 0.47 1.03 10 
ANU07-094 El Abra porphyry 36.80 0.32 0.72 22 
ANU07-107 El Abra porphyry 37.50 1.80 1.90 4 
El Abra porphyry average age: 36.89 0.30 0.93 26 
ANU07-081 Apolo granite 37.45 0.33 0.88 26 
ANU07-119 Apolo granite 37.72 0.43 1.04 17 
Apolo granite average age: 37.55 0.26 0.94 43 
ANU07-085 Clara granodiorite 37.82 0.28 0.99 31 
ANU07-098 Clara granodiorite 37.31 0.29 1.07 27 
ANU07-099 Clara granodiorite 37.32 0.60 0.16 6 
Clara granodiorite average age: 37.55 0.19 1.04 64 
ANU07-095 Rojo Grande granite 39.31 0.37 1.30 38 
ANU07-112 Rojo Grande granite 38.93 0.52 1.30 24 
ANU07-102 Rojo Grande granite 39.08 0.46 1.40 28 
Rojo Grande granite average age: 39.21 0.22 1.00 85 
ANU07-089 Llareta quartz monzodiorite 40.10 0.40 1.05 19 
ANU07-103 Central granodiorite 40.88 0.32 0.88 44 
ANU07-113 Central granodiorite 40.37 0.38 1.20 36 
Central granodiorite average age: 40.64 0.24 1.08 80 
ANU07-101 Dark quartz monzodiorite 40.83 0.33 0.99 28 
ANU07-105 Equis monzogranite 42.01 0.65 2.20 23 
ANU07-110 Equis monzogranite 41.73 0.36 1.40 38 
ANU07-127 Equis monzogranite 41.63 0.67 1.01 72 
Equis monzogranite average age: 41.73 0.19 1.13 133 
ANU07-087 Antena aplite 43.33 0.26 0.75 32 
ANU07-091 Antena aplite 43.42 0.58 1.12 7 
ANU07-096 Antena aplite 42.03 0.31 1.11 40 
Antena aplite average age: 42.83 0.22 1.30 76 
ANU07-082 Pajonal quartz monzonite 43.50 0.32 1.14 28 
ANU07-122 Pajonal quartz monzonite 42.97 0.26 0.91 34 
Pajonal quartz monzonite average age: 43.21 0.21 1.12 62 
1All uncertainties are standard error at 95% confidence limits.    
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Table B2. Whole rock major and trace element concentrations for selected drill hole 
and hand samples from the El Abra-Pajonal igneous complex analysed in this study. 
Sample ANU 07-116 
ANU 
07-115 
ANU 
07-094 
ANU 
07-107 
ANU 
07-081 ANU07-098 
ANU 
07-085 
Intrusive 
unit 
Lagarto 
porphyry 
El Abra 
porphyry 
El Abra 
porphyry 
El Abra 
porphyry 
Apolo 
granite 
Clara 
granodiorite 
Clara 
granodiorite 
Drill hole LAG04-17 98-30   EA220       
Depth 
interval (m) 
206.55 – 
211.60 
596.13 – 
599.98   
97.30 – 
97.85       
Easting 524503 517774 519018 517584 517020 520784 520420 
Northing 7573503 7576309 7576551 7575736 7575880 7575364 7569653 
wt. %   SiO2 63.88 67.77 65.83 65.46 76.84 63.92 63.94 
TiO2 0.49 0.32 0.41 0.47 0.13 0.49 0.51 
Al2O3 17.31 16.38 17.06 16.91 12.76 17.27 17.13 
Fe2O3T 3.31 2.57 3.24 3.33 0.60 3.78 3.97 
MnO 0.17 0.03 0.04 0.05 0.00 0.06 0.06 
MgO 1.55 1.05 1.14 1.54 0.15 1.46 1.72 
CaO 2.75 2.87 2.92 3.00 0.88 4.37 4.35 
Na2O 4.64 4.56 4.75 4.40 3.00 4.68 4.46 
K2O 2.57 2.89 2.54 2.67 5.20 2.35 2.57 
P2O5 0.23 0.15 0.18 0.20 0.01 0.21 0.21 
LOI 1.78 0.71 1.08 1.02 0.50 0.40 0.50 
Total 98.68 99.30 99.19 99.05 100.07 98.99 99.42 
ppm         Sc 7.62 5.31 6.37 7.38 2.32 8.03 8.78 
V 157 125 138 154 97.1 156 163 
Cr 43.3 53 32 66 59.2 50.6 49.8 
Co 7.7 4.57 4.93 6.69 0.75 8.69 8.61 
Ni 6.66 5.75 6.77 8.91 5.26 8.33 8.76 
Cu 3149 292 217 1688 273 89.1 12.5 
Zn 60.1 27.6 71.6 27.9 18.6 104 43.7 
Ga 17.5 17.4 18 17.5 14.7 18.1 17.8 
Ge 7.03 7.38 7.04 6.97 6.17 6.81 7.01 
As 1.47 1.27 1.55 1.25 1.42 5.04 0.95 
Rb 48.2 50 42.2 77.5 169 53.3 59.1 
Sr 704 608 708 640 148 727 685 
Y 8.36 7.07 8.52 8.57 2.16 9.27 9.35 
Zr 122 130 119 119 51.8 125 138 
Nb 7.2 6.66 7.19 7.27 7 6.65 6.61 
Mo 49.6 1.11 1.28 30.2 6.38 1.69 2.44 
Ag 0.75 0.19 0.19 0.54 0.28 0.16 0.13 
Sn 1.45 0.68 0.94 1.39 0.59 0.96 0.98 
Cs 4.49 1.12 0.57 4.98 3.58 2.17 1.7 
Ba 704 774 760 658 367 701 719 
La 21.8 20.7 21.6 24.4 7.08 22.9 22.1 
Ce 41.3 38.1 40 42.8 9.6 42.2 40.4 
Pr 4.81 4.19 4.55 4.63 0.84 4.82 4.66 
Nd 19.3 16 17.6 17.6 2.71 19.1 18.3 
Sm 3.42 2.6 2.96 2.94 0.45 3.29 3.14 
Eu 0.93 0.71 0.8 0.84 0.22 0.88 0.89 
Gd 2.36 1.97 2.11 2.15 0.38 2.41 2.39 
Dy 1.65 1.35 1.53 1.66 0.32 1.81 1.85 
Ho 0.3 0.24 0.29 0.3 0.08 0.33 0.34 
Er 0.83 0.69 0.8 0.86 0.22 0.93 0.91 
Tm 0.14 0.1 0.12 0.12 0.04 0.14 0.15 
Yb 0.9 0.78 0.83 0.9 0.36 0.92 0.97 
Lu 0.12 0.12 0.12 0.14 0.08 0.15 0.15 
Hf 3.29 3.75 3.34 3.4 2.48 3.57 3.97 
Ta 0.52 0.61 0.57 0.61 0.67 0.53 0.57 
Pb 16.4 7.96 21.4 8.81 11.4 8.4 8.64 
Th 4.87 6.34 5.83 7.61 14.1 6.9 6.87 
U 1.82 1.56 1.87 3.09 4.01 1.91 2.29 
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Table B2. continued 
Sample ANU07-095 ANU07-089 ANU07-093 ANU07-104 ANU07-103 ANU07-113 
Intrusive 
unit 
Rojo Grande 
granite 
Llareta quartz 
monzodiorite 
Llareta quartz 
monzodiorite 
Central 
granodiorite 
Central 
granodiorite 
Central 
granodiorite 
Drill hole       98-32 98-011 EAS01-19 
Depth 
interval (m)       
500.80 – 
501.30 
117.90 – 
118.46 
395.10 – 
395.64 
Easting 518951 518313 518423 517176 517031 517574 
Northing 7576493 7578084 7577656 7576506 7576293 7576175 
wt. %   SiO2 70.60 63.90 63.60 64.28 59.31 63.38 
TiO2 0.34 0.57 0.56 0.59 0.79 0.64 
Al2O3 14.73 16.55 16.53 16.38 17.49 16.11 
Fe2O3T 2.41 4.32 4.63 3.84 6.58 4.12 
MnO 0.02 0.08 0.08 0.04 0.08 0.03 
MgO 0.97 1.80 1.90 2.07 2.90 2.71 
CaO 1.93 4.13 4.26 3.53 5.33 3.40 
Na2O 3.38 4.27 4.07 3.63 3.79 3.38 
K2O 4.26 2.90 3.10 3.31 2.18 2.84 
P2O5 0.10 0.19 0.19 0.18 0.25 0.22 
LOI 0.61 0.65 0.35 1.38 0.75 1.85 
Total 99.35 99.36 99.27 99.23 99.45 98.68 
ppm         Sc 6.84 10.4 11.2 11.1 16.5 13.1 
V 131 171 173 178 229 191 
Cr 70.4 44.6 54.3 60 55.2 62.8 
Co 7.2 10.1 10.4 13.5 18.5 10.7 
Ni 7.8 10 10.6 14.2 20.2 12.8 
Cu 370 30.4 13.6 1445 49.7 2135 
Zn 72.5 84.4 53.4 43.2 60.7 34 
Ga 15.6 17.7 17.5 16.7 18.6 16.9 
Ge 7.49 7.04 6.7 7.26 6.51 6.54 
As 3.27 5.71 2.62 1.43 2.1 2.18 
Rb 172 94.9 113 101 76.4 97.7 
Sr 294 545 543 551 615 444 
Y 18 14.1 13.9 13.7 19.5 17.6 
Zr 161 165 150 147 181 191 
Nb 14.6 8.45 8.71 8.63 9.93 10.2 
Mo 1.81 1.39 1.84 447 4.85 13.5 
Ag 0.18 0.16 0.13 0.65 0.11 0.87 
Sn 1.17 1.13 1.05 1.03 1.28 1.39 
Cs 8.64 4.47 5.91 4.87 4.11 4.69 
Ba 555 644 667 703 562 653 
La 27.5 23.3 21 21.8 26.7 26.8 
Ce 50.5 45.9 40.6 43.5 52.3 53.6 
Pr 5.63 5.44 4.88 5.09 6.18 6.29 
Nd 20.9 22 19.8 20.5 25.6 25 
Sm 3.78 4.16 3.86 3.83 4.95 4.76 
Eu 0.71 0.89 0.87 0.9 1.21 1.01 
Gd 3.23 3.31 3.16 3.13 4.16 3.84 
Dy 3.03 2.7 2.65 2.66 3.64 3.32 
Ho 0.62 0.51 0.51 0.49 0.7 0.63 
Er 1.85 1.44 1.37 1.39 2.02 1.77 
Tm 0.29 0.21 0.21 0.21 0.29 0.27 
Yb 2.25 1.47 1.45 1.44 2.02 1.8 
Lu 0.34 0.22 0.22 0.21 0.3 0.26 
Hf 5.44 4.67 4.43 4.2 4.98 5.2 
Ta 1.89 0.76 0.72 0.7 0.79 0.75 
Pb 7.44 21.2 14.7 6.13 6.04 6.39 
Th 36.1 13.6 15.6 13 14.9 14.8 
U 12.7 3.82 4.24 3.66 4.09 4.02 
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Table B2. continued. 
Sample ANU07-101 ANU07-108 ANU07-105 ANU07-127 ANU07-110 ANU07-091 
Intrusive 
unit 
Dark quartz 
monzo- 
diorite 
Dark quartz 
monzo-diorite 
Equis 
monzogranite 
Equis 
monzogranite 
Equis 
monzogranite 
Antena 
aplite 
Drill hole EA02-87 EA261 EA140   EA265   
Depth 
interval (m) 91.44 – 91.63 41.00 – 41.23 62.12 – 62.52   53.17 – 55.57   
Easting 518750 517754 517827 515415 517548 518815 
Northing 7575849 7576741 7577174 7578224 7576739 7578060 
wt. %   SiO2 56.81 53.96 64.94 66.46 64.58 73.01 
TiO2 0.77 0.83 0.42 0.61 0.83 0.31 
Al2O3 17.65 17.26 16.73 15.04 15.58 13.44 
Fe2O3T 7.25 8.36 4.16 4.21 3.90 1.95 
MnO 0.09 0.10 0.02 0.06 0.02 0.02 
MgO 3.50 4.18 1.29 1.39 2.09 0.52 
CaO 6.31 6.81 2.81 3.07 1.70 1.20 
Na2O 3.40 3.37 3.97 3.31 3.99 3.19 
K2O 2.20 2.32 2.81 4.66 3.74 5.30 
P2O5 0.30 0.21 0.13 0.15 0.13 0.05 
LOI 0.92 1.61 1.32 0.31 1.26 0.43 
Total 99.20 99.01 98.60 99.27 97.82 99.42 
ppm         Sc 18.3 26.9 7.96 11.7 15.5 6.27 
V 232 299 146 168 201 112 
Cr 46.3 47 39.6 51.7 54.2 58.8 
Co 18.6 22.3 7.13 9.33 9.92 2.75 
Ni 16.2 16.5 6 8.66 13 5.73 
Cu 293 1168 3692 54.6 5493 31.4 
Zn 53.7 105 37.1 46.4 55 51 
Ga 18.5 17.1 16.5 16.5 16.2 15.1 
Ge 6.81 7.02 6.96 6.9 6.82 6.64 
As 5.53 2.25 1.57 1.45 1.76 3.83 
Rb 72.7 85.8 99.9 220 120 325 
Sr 710 672 543 299 298 157 
Y 19.8 21.6 18.5 27.2 23 31.2 
Zr 142 139 173 386 331 242 
Nb 9.79 6.05 8.78 14 12.8 16.4 
Mo 11.4 3.91 7.1 1.8 5.11 3.79 
Ag 0.16 0.29 0.28 0.13 1.48 0.18 
Sn 1.53 2.02 1.32 1.57 1.74 2.21 
Cs 3.38 4.72 2.97 9.83 4.52 15.2 
Ba 480 535 927 705 591 449 
La 26.8 21.2 20.5 34.5 27.2 48.7 
Ce 53 43 42.1 71.5 54.6 98.9 
Pr 6.34 5.3 4.99 8.41 6.34 10.9 
Nd 26.1 22.5 20 32.9 25.2 38.8 
Sm 5.02 4.66 3.76 6.35 4.77 6.92 
Eu 1.25 1.12 0.97 0.95 0.99 0.6 
Gd 4.34 4.34 3.32 5.4 4.25 5.48 
Dy 3.71 4.05 3.01 4.81 4.14 5.24 
Ho 0.71 0.78 0.62 0.95 0.82 1.07 
Er 2 2.34 1.85 2.78 2.43 3.15 
Tm 0.3 0.34 0.28 0.41 0.36 0.5 
Yb 2.04 2.34 2.02 2.84 2.51 3.6 
Lu 0.31 0.36 0.31 0.43 0.38 0.52 
Hf 4.24 3.93 4.84 10.4 8.95 8.22 
Ta 0.82 0.45 0.84 1.23 1.01 2.13 
Pb 5.28 5.19 11.7 12.3 10 13.4 
Th 17.7 11.7 16.4 38.5 25.4 86.7 
U 5.01 3.31 5.63 6.99 7.39 12.5 
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Table B2. continued. 
Sample ANU07-082 ANU07-092 ANU07-122 
Intrusive 
unit 
Pajonal 
quartz 
mondonite 
Pajonal 
quartz 
mondonite 
Pajonal 
quartz 
mondonite 
Drill hole       
Depth 
interval (m)       
Easting 519413 518509 519587 
Northing 7578213 7577554 7576834 
wt. %   SiO2 64.83 62.73 62.19 
TiO2 0.78 0.59 0.85 
Al2O3 15.38 16.88 15.93 
Fe2O3T 4.86 4.73 5.48 
MnO 0.04 0.07 0.09 
MgO 1.77 2.06 2.35 
CaO 3.30 4.55 4.38 
Na2O 3.54 4.01 3.60 
K2O 4.29 3.18 3.79 
P2O5 0.18 0.21 0.20 
LOI 0.36 0.43 0.48 
Total 99.33 99.44 99.34 
ppm         Sc 14.2 11.5 16.6 
V 189 185 207 
Cr 53.6 45.5 75.9 
Co 10.3 11 14.8 
Ni 12.5 11.6 15.6 
Cu 42.5 58.1 72 
Zn 30.7 48 44.3 
Ga 16.9 17.7 16.9 
Ge 7.02 6.53 7.09 
As 5.83 3.8 1.09 
Rb 215 114 169 
Sr 305 583 380 
Y 26.9 13.9 25 
Zr 371 172 320 
Nb 14.9 8.59 13 
Mo 2.81 1.07 1.68 
Ag 0.14 0.15 0.16 
Sn 2.34 1.09 1.97 
Cs 12 6.1 8.66 
Ba 582 765 663 
La 37.4 19.5 31.9 
Ce 75.9 39 64.6 
Pr 8.93 4.7 7.67 
Nd 34.6 19.3 30.7 
Sm 6.49 3.78 5.97 
Eu 0.99 0.93 1.08 
Gd 5.46 3.11 5.17 
Dy 4.97 2.62 4.68 
Ho 0.97 0.48 0.9 
Er 2.81 1.36 2.6 
Tm 0.42 0.21 0.38 
Yb 2.87 1.41 2.61 
Lu 0.42 0.22 0.38 
Hf 10.1 4.76 8.39 
Ta 1.28 0.7 0.98 
Pb 11.3 12.8 10.4 
Th 42 13.6 32 
U 10.2 3.83 7.84 
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ABSTRACT
Geochronological and geochemical studies, including platinum group element (PGE) analyses,
were undertaken on samples from the El Abra–Pajonal igneous complex, northern Chile, to investi-
gate the magmatic evolution of the suite. Special attention was paid to identifying the onset of sul-
fide saturation and to documenting how it influenced the geochemistry of the chalcophile elements
and the formation of the El Abra porphyry Cu deposit. The PGE have extreme sulfide melt–silicate
melt partition coefficients, making them sensitive indicators of the timing of sulfide saturation in an
evolving magmatic system. In arc-related intermediate to felsic magmatic systems, which have the
potential to produce porphyry deposits, the timing and extent of sulfide saturation relative to ore-
fluid saturation may control the capacity of these systems to produce economic mineralization
and, if they do, whether the deposits are Cu-only or Cu–Au. This study incorporates the first com-
prehensive analysis of PGE in a felsic magmatic suite associated with an economic porphyry sys-
tem. The suite comprises a series of quartz monzodiorite to granite intrusions with U–Pb zircon
ages between 43 and 35 Ma. Their petrography and major element chemistry, including increasing
Sr/Y ratios and rare earth element patterns, suggest that crystal fractionation and crustal assimila-
tion were the key magmatic processes governing the evolution of the El Abra–Pajonal suite.
Plagioclase fractionation dominated the oldest intrusions, and their associated granites and aplites.
Following the injection of a more primitive, wetter, mafic magma at 41–40 Ma, plagioclase fraction-
ation became suppressed and amphibole became the dominant fractionating phase, leading to the
formation of the El Abra porphyry intrusion and Cu deposit. Abundances of Pt and Pd in felsic rocks
from the El Abra–Pajonal intrusive complex drop rapidly in samples with MgO values below 25 wt
%, following sulfide saturation of the magmas, which occurred slightly before ore-fluid saturation
and formation of the Cu deposit. Modeling suggests that the amount of sulfide formed was very
small, enough to strip the PGE and Au from the magma but not Cu, because of the lower partition
coefficient of Cu relative to the precious metals, which explains why the mineralization at El Abra is
a Cu-only porphyry deposit, rather than a Cu–Au deposit.
Key words: El Abra; platinum group elements; porphyry copper deposits; sulfide saturation; U–Pb
dating
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INTRODUCTION
Porphyry systems
The majority of the world’s Cu production comes from
porphyry Cu deposits, making an understanding of their
genesis a critical factor in Cu exploration. Porphyry de-
posits are typically large-tonnage, low- to medium-
grade deposits. They are frequently associated with
other intrusion-related hydrothermal mineralization
systems such as skarn and epithermal deposits (Mudd
et al., 2013). Characteristics of porphyry deposits,
including associated magmatic and hydrothermal proc-
esses, have been summarized in numerous recent re-
view papers including those by Seedorff et al. (2005),
Sillitoe (2010), Aude´tat & Simon (2012) and Kouzmanov
& Pokrovski (2012), and in references therein.
Porphyry Cu systems typically develop in association
with magmatic arcs above subduction zones. The as-
cending magmas form intermediate to felsic intrusions
of ‘calc-alkaline to alkaline’ composition that are rela-
tively oxidized and hydrous. The deposits are associ-
ated with shallow intrusive porphyry stocks, which are
interpreted to originate from deeper parent magma
bodies (Dilles, 1987; Seedorff et al., 2005, 2008; Sillitoe,
2010). The shallow ore-associated intrusions exsolve
magmatic fluids, which, along with circulating meteoric
water, hydrothermally alter the host-rock and deposit
ore minerals. There are many different aspects of por-
phyry formation that influence porphyry mineralization.
These include the composition of the magma, oxidation
state, timing of magmatic processes (including sulfide
and ore-fluid saturation), depth of emplacement, and
geodynamic setting (Candela, 1997; Cooke et al., 2005;
Seedorff et al., 2005; Sillitoe, 2010). The interplay
among these factors controls the quantity and type of
porphyry mineralization that will form.
El Abra, northern Chile (Fig. 1), is a classic example
of a porphyry copper deposit with excellent exposures
of a complete suite of weakly altered plutonic rocks that
are directly associated with the ore body. It is therefore
an ideal natural laboratory in which to examine the
magmatic processes that lead to the formation of por-
phyry Cu deposits, by addressing two key questions:
How did the El Abra–Pajonal magmatic suite evolve
though time? What influenced and controlled the por-
phyry mineralization? This study focuses on under-
standing the connection between the magmatic
processes involved in the evolution of the El Abra–
Pajonal suite intrusions and the El Abra porphyry Cu
mineralization being mined today. Therefore, the nature
of the deposit itself, in terms of mineralization, alter-
ation, and veining style for example, has not been
studied, but rather we have focused on the temporal
and chemical development of the intrusions directly
associated with the mineralization, using petrographic,
geochemical, and geochronological analytical tech-
niques. Special emphasis has been placed on the role
of the timing of sulfide saturation relative to ore-fluid
saturation, using the platinum group elements (PGE) to
pinpoint the onset of sulfide saturation.
Sulfide saturation
The PGE have been successfully used to identify sulfide
saturation in mafic systems (e.g. Keays & Lightfoot,
2007) but analytical difficulties have limited their appli-
cation in felsic systems. Recent advances in the induct-
ively coupled plasma mass spectrometry (ICP-MS)–NiS
fire assay–isotope dilution method (Park et al., 2012)
now make it possible to measure the PGE at the
1–20 ppt level, so that they can now be analyzed in rocks
with very low abundances, including felsic suites. As a
consequence, PGE geochemistry can be now used to
identify the onset of sulfide saturation in evolving felsic
magmas, which can potentially be used to distinguish
between Cu- and/or Au-bearing and barren felsic sys-
tems. The initial hypothesis we set out to test is that if a
fractionating magmatic system becomes sulfide satu-
rated before it becomes ore-fluid saturated most of the
Cu and Au will be trapped within sulfides in a deep par-
ent magma chamber and be unavailable to enter a
hydrothermal fluid, which emanates from one of the
shallow daughter intrusions, the El Abra porphyry.
Alternatively, if ore-fluid saturation occurs before sul-
fide saturation most of the Cu and Au will be available
to partition into the magmatic hydrothermal fluid,
Fig. 1. Location map showing El Abra deposit and some of the
other major porphyry Cu deposits in the region.
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which could lead to the formation of an economic Cu
and/or Au deposit.
The PGE are preferred to Au and Cu for identifying
sulfide saturation in evolving silicate melts for two rea-
sons. First, the partition coefficients for Pt and Pd into
an immiscible sulfide melt are approximately two
orders of magnitude higher than those for Au and Cu
(Mungall & Brenan, 2014). As a consequence, Pd and Pt
are much more sensitive indicators of sulfide fraction-
ation. Second, the original Au and Cu content of the
rocks can be overprinted by secondary Cu and/or Au
mineralization, making it impossible to obtain the pri-
mary concentration of these elements in samples.
Although the ore-forming fluid can carry Pd, the amount
is trivial compared with Cu and Au. For example, the
Au/Pd ratio of the primitive mantle (McDonough & Sun,
1995) and basaltic magmas, prior to sulfide saturation
(Park et al., 2013a, 2015), is typically 025–08 but it
averages over 90 for a wide range of Pd-rich porphyries
analyzed by Tarkian & Stribrny (1999). Bearing in
mind that the Pd content of many of the analyzed
samples was below their detection limit of 8 ppb, the
high Au/Pd ratio of porphyry ore implies that Au is at
least 100 times more soluble than Pd in the ore-forming
fluid.
Sulfide saturation in the evolution of porphyry sys-
tems has been discussed in the recent literature but per-
tains to either theoretical suppositions or analysis of
silicate and sulfide melt inclusions and typically entails
later breakdown of the sulfides to release the chalco-
phile elements into the ore fluid for deposit formation
(Keith et al., 1997; Halter et al., 2002, 2005; Richards,
2009; Aude´tat & Simon, 2012; Wilkinson, 2013). In this
study the whole-rock abundances of Pt and Pd are used
to identify the occurrence and timing of sulfide satur-
ation, relative to ore-fluid saturation, in an evolving
magmatic system that produced a porphyry Cu deposit.
The identification of sulfide saturation in arc-related
magmatic systems using PGE abundances has been
previously demonstrated and discussed by Park et al.
(2013a, 2013b, 2015) but the method has not been
applied to porphyry mineralization. This study presents
the first use of PGE to identify sulfide saturation in a fel-
sic ore system associated with a significant porphyry
Cu deposit. The El Abra deposit and associated El Abra–
Pajonal intrusive complex makes an ideal study area be-
cause it is a well-exposed suite that exhibits a range of
chemical compositions (quartz monzodiorite to granite),
leading up to the formation of a porphyry Cu deposit. A
secondary aim of this study is to determine why El Abra
is a Cu-only system and to determine its place in a con-
tinuum of Cu6Au (6 PGE-enriched) systems [for a dis-
cussion of PGE enrichment in porphyry systems see
Tarkian & Stribrny (1999) and Economou-Eliopoulos
(2005)]. It does not aim to address all of the different
types of porphyry systems, such as Cu6Au6Mo, but
instead attempts to understand how sulfide saturation
in a crustal magmatic system controls Cu6Au por-
phyry mineralization.
GEOLOGICAL SETTING
El Abra is an economic porphyry Cu-only deposit in
northern Chile associated with the El Abra–Pajonal
complex, a suite of intermediate to felsic intrusive rocks
(Fig. 2; Ambrus, 1977; Dilles et al., 1997). The initial Cu-
oxide reserve for the El Abra deposit at the commence-
ment of mining in 1995 was 798 million tons at 054 wt
% Cu (Gerwe, 2005) whereas the Cu-sulfide ore reserve
was 452 million tons at 064 wt % Cu (Graichen et al.,
1995). The deposit occurs within a deep-seated, NW-
trending shear zone that is linked to the West Fissure
Fault Zone (Graichen et al., 1995; Barrett, 2004; Gerwe,
2005), a major fault that is part of the Domeyko Fault
system and is associated with many other porphyry Cu
deposits in the region, including, from north to south,
Collahuasi District, Chuquicamata, La Escondida and El
Salvador (Fig. 1; Ambrus, 1977; Reutter et al., 1996;
Cornejo et al., 1997; Garza et al., 2001; Ossandon et al.,
2001; Richards et al., 2001; Masterman et al., 2005;
Urqueta et al., 2009).
Copper6molybdenum mineralization is centered on
an El Abra porphyry stock that crosscuts the El Abra–
Pajonal suite of intrusions, which range in composition
from alkali feldspar granite to quartz monzodiorite
(Ambrus, 1977; Graichen et al., 1995; Barrett, 2004;
Gerwe, 2005). These intrusions delineate a southwards
younging trend from the Cerro de Pajonal Mountain.
The active mining area lies within a potassic alteration
zone that extends up to 1600 m radially from the host El
Abra porphyry stock (Graichen et al., 1995; Barrett,
2004; Gerwe, 2005). The deposit is characterized by
high-grade Cu (6Mo and Zn), low-S mineralization, with
Cu grades decreasing radially from the core of the de-
posit (Ambrus, 1977; Graichen et al., 1995; Barrett, 2004;
Gerwe, 2005). High-grade Cu mineralization is associ-
ated with K-feldspar-dominated potassic alteration
(Ambrus, 1977); however, the highest Cu grades occur
along NW-trending fissures and veins within the potas-
sic alteration zone (Graichen et al., 1995; Barrett, 2004;
Gerwe, 2005). The lowest Cu grades occur within the
propylitic alteration zone (Ambrus, 1977; Graichen
et al., 1995; Barrett, 2004; Gerwe, 2005). Hypogene min-
eralization is observed to extend to depths >900 m
(Graichen et al., 1995; Barrett, 2004) and is generally
characterized by chalcopyrite, either intergrown with
bornite (Ambrus, 1977) or rimmed by bornite and chal-
cocite (Graichen et al., 1995; Barrett, 2004). Molybdenite
is a minor accessory phase that occurs peripheral to the
Cu-rich core of the deposit (Ambrus, 1977; Graichen
et al., 1995; Barrett, 2004), such that molybdenite grades
increase with decreasing Cu grades (Ambrus, 1977).
Galena and sphalerite mineralization are found in the
youngest veins within the El Abra deposit (Ambrus,
1977; Gerwe, 2005). Supergene mineralization is coinci-
dent with an oxide cap that overlies the hypogene min-
eralization and this cap extends to a maximum depth of
600 m (Graichen et al., 1995; Barrett, 2004). Chrysocolla
is the dominant oxide mineral mined; however,
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Fig. 2. (a) Geological map of the El Abra region showing location of the samples used in this study. The area within the dashed rect-
angle is shown enlarged in (b). Grid references for each sample are included in Table 2. Those samples labeled with numbers (with
the ANU07 prefix omitted) refer to samples that were chosen for PGE and Re analysis. Simplified geological map modified from
Tomlinson et al. (1995) and Barrett (1997). Post-El Abra–Pajonal units of Tertiary to Quaternary age include the Carcote ignimbrite
and Tertiary and Quaternary gravels. Pre-El Abra–Pajonal units of Palaeozoic to Tertiary age include the Icanche Formation,
Saturno fanglomerate, Cerro Colorado Complex, Tolar Formation, and Collahuasi Formation. Projection UTM 19K, datum South
America Provisional 1956.
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turquoise, tenorite, antlerite, brochantite, Cu-wad and
Cu-rich clays are also observed within the oxide zone
(Graichen et al., 1995; Barrett, 2004). Native Cu and cu-
prite are commonly found along the irregular and grad-
ational oxide (supergene)–hypogene contact (Graichen
et al., 1995; Barrett, 2004).
SAMPLES AND METHODS
Samples were collected from all units of the El Abra–
Pajonal intrusive complex including the El Abra por-
phyry. Fresh to weakly altered samples were chosen
where possible to avoid mineralization, although some
weakly altered samples have small amounts of dissemi-
nated hydrothermal sulfide.
U–Pb zircon dating, combined with zircon trace elem-
ent analyses, was carried out on 26 samples previously
analyzed for whole-rock chemistry. The dating technique
used in this study is similar to that of Harris et al. (2004)
and Campbell et al. (2006). Zircons were separated from
2 kg samples by a combination of standard crushing,
magnetic separation and heavy liquid techniques. Epoxy
resin mounts with zircons from up to four samples of un-
known age and three standards [Temora-2 (Black et al.,
2004); NIST610 (Kane, 1998); 521-Los Picos (Ballard,
2001)] were set and polished. Cathodoluminescence (CL)
images and optical photography were used to assist with
selection of ablation sites. Laser ablation (LA) was con-
ducted using a pulsed ArF LambdaPhysik LPX 120i UV
Excimer Laser at 5 Hz with an operating voltage varying
between 20 and 23 kV and a spot size of 32lm. Particular
attention was paid to the selection of rims versus cores
as inherited cores are common in zircons from the
nearby Chuquicamata region (Zentilli et al., 1994; Ballard,
2001). Ablated material was transported from the laser
sample cell via a mixture of c. 70% Ar, 29% He and <1%
H2 gas to an Agilent 7500s ICP-MS system for analysis.
Counts for 29Si, 91Zr, 31P, 206Pb, 207Pb, 208Pb, 232Th, 235U
and 238U were collected in time-resolved mode.
Additional isotopes 49Ti, 89Y, 139La, 140Ce, 144Sm, 153Eu,
163Dy, 175Lu and 177Hf were also collected. As the carrier
gas contains 204Hg, it impossible to measure 204Pb owing
to the direct isobaric interference. Following the proced-
ure described by Campbell et al. (2006) the raw data
were corrected for instrumental mass bias drift, isotopic
fractionation, depth-dependent elemental fractionation
and common Pb, using the glass NIST610 and zircons
from the Temora-2 standard. The zircon standard 521-
Los Picos was processed in the same manner as
unknown samples and used for quality control. The cor-
rections were applied on an ablation-time (depth) basis.
The Temora-2 standard was also used to correct for
depth-dependent, inter-element fractionation of
207Pb/206Pb, 208Pb/232Th, 206Pb/238U and 207Pb/235U, by
using the known ratios from Black et al. (2004). 235U was
calculated from 238U assuming 235U¼ 238U/13788, except
in extremely U-rich samples where mass 235U was meas-
ured directly. The average 206Pb/238U correction factor
applied to each mass scan for unknown zircons was
based on the ratio between the measured Temora-2
206Pb/238U ratio value (for multiple Temora-2 measure-
ments over the course of an analytical session) to the
Black et al. (2004) 206Pb/238U ratio value. Applying this
method to correct for depth-dependent fractionation as-
sumes that variation in the fractionation factor with abla-
tion depth is similar in the unknown zircon and Temora-2
standard. The glass standard, NIST610, was used to de-
termine concentrations for all elements following a pro-
cedure similar to that described for the isotope ratios.
Two methods, the 207Pb and 208Pb correction methods,
were used to correct for common Pb [see Campbell et al.
(2006) for details]. The 208Pb method to correct for com-
mon Pb is preferred to the 207Pb method and has been
used in this study. Both methods give dates that, with
rare exceptions, agree within analytical error. Zircons
were considered to be discordant if their 207Pb-corrected
or 208Pb-corrected 206Pb/238U age divided by their 207Pb-
corrected or 208Pb-corrected 207Pb/235U age, was greater
than 160.1, including errors. Discordant zircons were
rejected from the age calculation. The quoted 2 SE for
the U–Pb zircon age for a single zircon is the error derived
from two components: the analytical uncertainty of the
zircon measurement, and the uncertainty in the measure-
ment of the standards. The standard deviation for Temora-
2 was used to measure the uncertainty of the standards
for each analytical session (Supplementary Data Table A1;
supplementary data for this paper are available at http://
www.petrology.oxfordjournals.org). The data were pro-
cessed using the ISOPLOT software of Ludwig (2012) to
generate weighted average 238U/206Pb ages.
Whole-rock major element concentrations of 47 El
Abra–Pajonal suite samples were measured by X-ray
fluorescence (XRF) on fused-glass disks using a Philips
PW2400 XRF spectrometer at the University of Otago.
Whole-rock trace element concentrations were analyzed
at the Australian National University by laser ablation
(LA)-ICP-MS on the same glass disks that were used for
the XRF analyses. The system used was a pulsed ArF
LambdaPhysik LPX 120i UV excimer laser connected to
an Agilent 7500s ICP-MS system operated at 5 Hz with a
voltage varying between 20 and 23 kV, with a pit diam-
eter of 70 lm and ablation depth of c. 20lm in 40 s.
NIST612 was used as the primary standard and BCR-2
was used to monitor quality control.
Whole-rock PGE and Re abundances in 21 selected
samples were determined by the modified NiS fire assay
isotope dilution method described by Park et al. (2012).
Only intrusions directly related to the magmatic evolution
of the El Abra porphyry (mineralizing event) were included
for PGE analysis. The Antena aplite, Rojo Grande granite
and Apolo granite were excluded because their geochem-
istry precludes them being part of the suite that evolved to
form the ore-associated El Abra porphyry. Duplicate ana-
lyses were also run with a Te co-precipitation step, follow-
ing a method based on that of Jackson et al. (1990) and
Savard et al. (2010). The Te and Sn solutions were, how-
ever, diluted to 1% of the concentrations described by
Savard et al. (2010) to reduce the blank in the PGE
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solutions to acceptable levels. A single-collector Agilent
7700 ICP-MS system at the Australian National University
was used to analyze the final solutions. A detailed descrip-
tion of the methods used and all of the data for the whole-
rock samples analyzed in this study, procedural blanks
and reference material samples are given in the
Supplementary Data (Tables A2 and A3). The method lim-
its of detection, taken as three standard deviations of the
procedural blanks, were 05 ppt for Ir, 13 ppt for Ru, 14
ppt for Rh, 197 ppt for Pt, 95 ppt for Pd, and 82 ppt for
Re. Total uncertainties in the data primarily result from un-
certainty in the blank subtraction and ICP-MS counting
statistics. The reference material TDB-1 (CCRMP-CANMET
diabase) was used to assess the accuracy and precision of
the measurements. Our analyses of the PGE and Re abun-
dances in TDB-1 and error measurements are reported in
Table A3 in the Supplementary Data and are consistent
with the previously reported values of Plessen & Erzinger
(1998), Peucker-Ehrenbrink et al. (2003), Meisel & Moser
(2004) and Savard et al. (2010).
Ce4þ/Ce3þ ratios in zircon were calculated using the
whole-rock and zircon Ce concentrations determined by
LA-ICP-MS of XRF fused disks and zircons, respectively.
The zircon Ce4þ/Ce3þ ratio values are based on the pref-
erential partitioning of Ce4þ into the zircon structure
over Ce3þ. Calculation of the ratios follows the method
of Ballard et al. (2002) using the following equation:
ðCe4þ=Ce3þÞzircon ¼
Cemelt  Cezircon
D
zircon=melt
Ce3þ
Cezircon
D
zircon=melt
Ce4þ
 Cemelt
where the whole-rock (Cemelt) concentrations of Ce and
Ce in zircon (Cezircon) are from this study and the parti-
tion coefficients for Ce4þ and Ce3þ are estimated from
plots of distribution coefficients of tetravalent and
trivalent cations (Ballard et al., 2002).
PETROGRAPHY
Descriptions of each of the intrusive units of the El
Abra–Pajonal suite are given below in order of youngest
to oldest, based on their U–Pb zircon ages in conjunc-
tion with field and drill core observations. A comparison
of this revised nomenclature with other studies of the El
Abra–Pajonal complex is provided in Supplementary
Data Table A4. The intrusions of the El Abra–Pajonal
suite consist of varying amounts of amphibole, plagio-
clase, orthoclase, quartz, and biotite, together with
minor amounts of Ti-magnetite and accessory apatite,
zircon, titanite, and rutile. The samples studied are fresh
to weakly altered with small amounts (0 to c. 5%) of dis-
seminated hydrothermal sulfide mineralization, pre-
dominantly pyrite and chalcopyrite.
Lagarto porphyry
The Lagarto porphyry is dacitic, with the dominant
phenocryst mineralogy being biotite (pseudomorphic
after amphibole) and plagioclase. Plagioclase is notable
for its lack of oscillatory zoning; instead crystals feature
large cores with thin rims. An inclusion-rich layer de-
fines the contact between rims and cores. Orthoclase
and quartz are also present as phenocrysts, with quartz
commonly strongly resorbed. Phenocrysts are subhe-
dral to euhedral and vary in size from 05 to 8 mm (aver-
age size is 1 mm). Trace amphibole (partly replaced by
biotite) is also observed. The groundmass varies from
glassy to aphanitic (<001–01 mm), and mineralogically
includes quartz, plagioclase, orthoclase, and Ti-magnet-
ite. Apatite and zircon are the accessory phases. Small
miarolitic cavities are present in thin-section.
El Abra porphyry
The main mineralization event at El Abra is associated
with the El Abra porphyry. Dykes and stocks of this por-
phyry crosscut all the main intrusive units in the El
Abra–Pajonal suite, excluding the Lagarto porphyry and
Pajonal quartz monzonite. The El Abra porphyry is a
moderately porphyritic dacite with phenocrysts ranging
in size from 05 to 2 mm and groundmass microlites
from 001 to 01 mm. Thin-section microscopy shows
that the phenocryst mineralogy is dominated by plagio-
clase and amphibole, with later-forming biotite, ortho-
clase and quartz. The groundmass mineralogy consists
of Ti-magnetite, quartz, orthoclase, plagioclase and
accessory phases including apatite, zircon, and orange-
and lemon-colored titanite. Plagioclase crystals occa-
sionally show oscillatory zoning and some crystals do
not have distinct cores and rims. Amphibole and titanite
are common inclusions in plagioclase. Amphibole
phenocrysts feature abundant inclusions including
quartz, apatite, chalcopyrite, titanite and magnetite.
Smaller-sized amphibole phenocrysts are often zoned,
with the euhedral cores and rims resorbed.
Apolo granite
The Apolo granite (and aplite) is a leucocratic granite
containing a maximum of 5% mafic minerals (biotite
and magnetite) with a coarse (1–5 mm) holocrystalline
texture. The mineralogy includes anhedral to euhedral
quartz, orthoclase and minor plagioclase, biotite and Ti-
magnetite, with accessory minerals including rutile,
apatite, and zircon. The Apolo granitic and aplitic stocks
crosscut the Clara granodiorite.
Clara granodiorite
The Clara granodiorite is a coarse-grained, holocrystal-
line rock (grain size varies from 02 to 2 mm, with an
average size of 1 mm). Mineral shapes range from sub-
hedral to euhedral and the paragenesis is amphibole
(with rare quartz or plagioclase inclusions), weakly os-
cillatory-zoned plagioclase, quartz, Ti-magnetite, biotite,
microcline and orthoclase. Accessory minerals include
orange- and lemon-colored titanite, apatite (often very
coarse grained, up to 01 mm in size) and zircon.
Accessory chalcopyrite occurs as inclusions in amphi-
bole and plagioclase. Previously, the Clara
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granodiorite has been mapped and subdivided into two
sub-members, the Mafic Clara granodiorite and
Leucocratic Clara granodiorite (Ambrus, 1977;
Tomlinson et al., 1995). No crosscutting igneous rela-
tionships or chilled margins were observed in the field
between the two sub-members of the Clara granodiorite
and there is no difference in the major element chemis-
try of these two sub-units. Furthermore, the dating work
completed for this study showed that all samples from
the Clara granodiorite have the same age within analyt-
ical error. These observations support the view of Dilles
et al. (1997) that the Clara granodiorite represents one
intrusive event.
Rojo Grande granite
The Rojo Grande granite is distinguished from the
Apolo granite by containing on average 5 wt % less
SiO2 than the Apolo granite and having a greater abun-
dance of mafic minerals (10–15%). The Rojo Grande
granite has a coarse (1–5 mm) holocrystalline texture;
its principal minerals are anhedral to euhedral biotite
(up to 10%), quartz, orthoclase and plagioclase, with
trace amounts of amphibole (magnesio-hornblende
and actinolite) and Ti-magnetite. Accessory minerals in-
clude orange- and lemon-colored titanite, apatite, zir-
con, and trace rutile.
Llareta quartz monzodiorite
The Llareta quartz monzodiorite is an equigranular, me-
dium- to coarse-grained (05–2 mm) unit composed of
amphibole, biotite, Ti-magnetite, orthoclase, plagio-
clase and quartz. Apatite, zircon, lemon-colored titanite
and trace rutile are the accessory minerals.
Dark quartz monzodiorite
The Dark quartz monzodiorite is distinctive and is the
most mafic unit in the El Abra–Pajonal suite. It is equi-
granular in texture and fine grained (01–05 mm). The
mineralogy includes subhedral to euhedral amphibole,
biotite, Ti-magnetite, orthoclase, microcline, oscillatory-
zoned plagioclase, and quartz. Accessory minerals are
apatite, zircon, chalcopyrite (as inclusions in amphibole)
and lemon-colored titanite.
Central granodiorite
The Central granodiorite is one of the major rock units
in the active mining area. Texturally it is equigranular
and medium to coarse grained (05–2 mm). The mineral-
ogy includes amphibole, biotite, Ti-magnetite, ortho-
clase, plagioclase and quartz. The accessory minerals
are apatite, zircon, chalcopyrite (as inclusions in amphi-
bole), orange-colored titanite and rutile.
Equis monzogranite
The Equis monzogranite is a major rock unit in the ac-
tive mining area. Texturally it is equigranular and me-
dium to coarse grained (05–2 mm). The mineralogy
includes amphibole, biotite, Ti-magnetite, orthoclase,
plagioclase and quartz. Apatite, zircon, orange-colored
titanite, chalcopyrite (as inclusions in amphibole) and
rutile are present as accessory minerals.
Pajonal quartz monzonite
Outcrop of the Pajonal quartz monzonite is confined to
north of the pit area, on the Cerro de Pajonal Mountain.
Texturally it is equigranular and medium to coarse
grained (05–2 mm); its mineralogy includes orthoclase,
plagioclase, quartz, amphibole, biotite, Ti-magnetite
and trace amounts of clinopyroxene. Accessory min-
erals include apatite, zircon and lemon-colored titanite,
with trace amounts of ilmenite.
Aplites
Mafic, fine-grained (<001–1 mm), equigranular to
weakly porphyritic aplites are abundant in the northern
and eastern sections of the El Abra–Pajonal complex
including the pit. Chemically, these aplites have c. 3 wt
% less SiO2 than the Apolo aplites and c. 10 wt % more
SiO2 than the Pajonal quartz monzonite and Central
granodiorite. Therefore on this basis they have been
distinguished as a new, separate intrusive unit named
the Antena aplite. The type area for this new unit is a
small stock on top of the Cerro de Pajonal Mountain
(Tomlinson et al., 1995). Orthoclase, plagioclase, quartz,
biotite and trace amounts of amphibole are the major
minerals present. The accessory minerals are apatite,
zircon, lemon-colored titanite, Ti-magnetite and rutile.
The Antena aplite is not related to the Antena granodi-
orite, a member of the Los Picos–Fortuna complex
(Campbell et al., 2006).
RESULTS
U–Pb zircon ages
The 208Pb-corrected 206Pb–238U emplacement ages for
the dated samples from the El Abra–Pajonal igneous
complex are listed in Table 1. The order of emplace-
ment of the intrusions based on their U–Pb ages is as
follows: Pajonal quartz monzonite, 43216 021 Ma;
Antena aplite, 42836022 Ma; Equis monzogranite,
41736 019 Ma; Dark quartz monzodiorite, 40836 033
Central granodiorite, 40646024 Ma; Llareta quartz
monzodiorite, 40106 040 Ma; Rojo Grande granite,
39216 02 Ma; Clara granodiorite, 37836019 Ma;
Apolo granite, 37556 026 Ma; El Abra porphyry,
36896 030 Ma; Lagarto porphyry, 35536 047 Ma.
Uncertainties are quoted at the 95% confidence level. A
number of the intrusions were emplaced at the same
time within the analytical uncertainty of the LA-ICP-MS
U–Pb zircon dating method; in these cases, field and
drill-core relationships were used to resolve the intru-
sion order. However, the order of emplacement of the
intrusions at c. 40–41 Ma (Central granodiorite, Dark
quartz monzodiorite, and Llareta quartz monzodiorite)
remains unclear. Figure 3 shows weighted average
U–Pb ages for single samples, as well as the weighted
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average from the total zircon population for each
intrusion.
Whole-rock major and trace element
geochemistry
Whole-rock major and trace element data for represen-
tative samples of each intrusive unit are reported in
Table 2. Figures 4 and 5 show the variation of selected
whole-rock major and trace elements. The intrusions
have been divided into two series: a Plagioclase series
and an Amphibole series. There is a general trend of
decreasing TiO2, Al2O3, Fe2O3, MgO, CaO and P2O5 with
increasing SiO2 (Table 2; Fig. 4a and b). Fe2O3 decreases
with decreasing MgO, as is typical of ‘calc-alkaline’ arc
suites (Fig. 4d). Al2O3, Na2O and K2O show two distinct
trends related to the different Plagioclase and
Amphibole fractionation series (Fig. 4a, c and e). The
Amphibole series shows little variation in Al2O3 with
SiO2 or K2O with MgO, and only a gradual increase in
Na2O with decreasing MgO. In contrast, the Plagioclase
series samples show decreasing Al2O3 with increasing
SiO2, and decreasing Na2O and increasing K2O with
decreasing MgO. The MgO and Ni contents of the most
primitive Amphibole series samples are higher than
those of the most primitive Plagioclase series samples
and the most fractionated Amphibole series samples
have lower SiO2 (Fig. 4b). Many trace elements (e.g. Y,
La, Dy, Cr, Cu, Ba) show considerable scatter and are
weakly correlated or show no correlation with SiO2; this
may also be partly due to weak alteration of the
samples. TiO2 and Ni decrease with decreasing MgO
(Figs 4f and 5a); however, Fig. 4f shows two decreasing
TiO2 trends. Samples from the Plagioclase series that
are older than 41 Ma (Pajonal quartz monzonite, Antena
aplite, Equis monzogranite) have higher TiO2 concentra-
tions than those from the Amphibole series at similar
MgO concentrations. In contrast, Cu plotted against
MgO shows no trend (Fig. 5b). A plot of Sr/Y against Eu/
Eu* (Fig. 5c), where Eu/Eu*¼EuN/H(SmNGdN), shows
further differences between the Amphibole and
Plagioclase series. Samples from the Plagioclase series
show a steady decrease in Sr/Y with decreasing Eu/Eu*
whereas those from the Amphibole series plot in two
clusters with a distinct gap between them. Amphibole
series samples with the highest Sr/Y also have the high-
est Eu/Eu* but the decrease in Eu/Eu* is appreciably
less than for the Plagioclase series.
Chondrite-normalized (Palme & O’Neill, 2014) rare
earth element (REE) plots are shown in Fig. 6 and show
distinct differences between the Amphibole and
Plagioclase series. Members of the Amphibole series,
which include the Dark quartz monzodiorite, Central
granodiorite, Llareta quartz monzodiorite, Clara grano-
diorite, and the El Abra and Lagarto porphyries, are
plotted in Fig. 6a. They are characterized by Eu anoma-
lies that are small or absent and that tend to decrease
with increased fractionation. The heavy REE (HREE)
also decrease with fractionation whereas the light REE
(LREE) change little or increase slightly. The most
evolved samples (e.g. the El Abra porphyry) have
Fig. 3. 206Pb/238U zircon ages for the El Abra–Pajonal suite samples. Shaded areas represent average ages for each intrusion ana-
lysed in this study. Errors shown are 2 SD of the weighted average. Also shown are U–Pb zircon ages of El Abra–Pajonal, Los Picos,
Fortuna, and Chuquicamata samples from Campbell et al. (2006) for comparison; these are not included in the weighted average
age.
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unusual spoon-shaped or concave-up HREE patterns.
Samples from the Plagioclase series, which are older
than 41 Ma, are plotted in Fig. 6b. They include the
Pajonal quartz monzonite, Antena aplite and Equis mon-
zogranite and are characterized by pronounced Eu
anomalies, which increase with fractionation, as do all
of the REE, such that the patterns remain subparallel as
the concentrations of the REE increase. The patterns for
the HREE are again slightly spoon shaped. Figure 6c
shows the patterns for the Rojo Grande and Apolo gran-
ites. The Rojo Grande granite is geochemically similar
to the suite plotted in Fig. 6b but is distinctly younger.
The Apolo granite is also younger than the intrusions
plotted in Fig. 6b and has strong Eu anomalies that can
be positive or negative; the concentrations of the REE
are lower than in the other suites. This combination
suggests that cumulate processes dominate the geo-
chemistry of the Apolo granite.
Whole-rock PGE and Re results
Whole-rock Pt and Pd abundances are reported for 21 El
Abra–Pajonal samples in Table 3; all PGE and Re values
are blank subtracted. The other analyzed PGE were
below or close to the limit of detection and are there-
fore not considered further. Re abundances were
measurable in 20 samples and range from <82 ppt to
467 ppb, but show no clear trend.
Abundances of Pd and Pt are plotted versus whole-
rock MgO contents for each of the El Abra–Pajonal suite
samples in Fig. 7a and b, and are compared with those
for samples from Pual Ridge and Niuatihi–Motutahi in
Fig. 7c and d. As in previous figures the samples are
divided into the Amphibole and Plagioclase series. The
plot of Pd versus MgO shows no clear trend for the
Amphibole series samples with MgO above 25 wt %
(Fig. 7a), but Pd falls rapidly once the MgO content falls
below this value. The abundance of Pt decreases con-
tinuously with decreasing MgO but the rate of decrease
becomes more rapid once MgO drops below 25 wt %
(Fig. 7b). Samples from the ore-bearing El Abra por-
phyry have both low MgO values and low Pt and Pd
abundances, with the exception of the sample with the
lowest MgO content, which has an anomalously high Pt
abundance. The Plagioclase series samples all have
MgO <25 wt %. Both Pd and Pt decrease with decreas-
ing MgO for these samples; Pd decreases at a similar
rate in the Amphibole series samples with <25 wt %
MgO; Pt overall decreases more gradually than in the
Amphibole series samples below 25 wt % MgO. The El
Abra–Pajonal suite samples run in duplicate are shown
Table 1: U-Pb zircon age results for samples from the El Abra-Pajonal igneous complex showing 208Pb-corrected 206Pb/238U
emplacement ages (Ma).
Sample Intrusive unit 208Pb corrected,
206Pb/238U
emplacement age (Ma)
2r1 MSWD n
ANU07-118 Lagarto porphyry 3553 047 103 10
ANU07-094 El Abra porphyry 3680 032 072 22
ANU07-107 El Abra porphyry 3750 180 190 4
El Abra porphyry average age: 3689 030 093 26
ANU07-081 Apolo granite 3745 033 088 26
ANU07-119 Apolo granite 3772 043 104 17
Apolo granite average age: 3755 026 094 43
ANU07-085 Clara granodiorite 3782 028 099 31
ANU07-098 Clara granodiorite 3731 029 107 27
ANU07-099 Clara granodiorite 3732 060 016 6
Clara granodiorite average age: 3755 019 104 64
ANU07-095 Rojo Grande granite 3931 037 130 38
ANU07-112 Rojo Grande granite 3893 052 130 24
ANU07-102 Rojo Grande granite 3908 046 140 28
Rojo Grande granite average age: 3921 022 100 85
ANU07-089 Llareta quartz monzodiorite 4010 040 105 19
ANU07-103 Central granodiorite 4088 032 088 44
ANU07-113 Central granodiorite 4037 038 120 36
Central granodiorite average age: 4064 024 108 80
ANU07-101 Dark quartz monzodiorite 4083 033 099 28
ANU07-105 Equis monzogranite 4201 065 220 23
ANU07-110 Equis monzogranite 4173 036 140 38
ANU07-127 Equis monzogranite 4163 067 101 72
Equis monzogranite average age: 4173 019 113 133
ANU07-087 Antena aplite 4333 026 075 32
ANU07-091 Antena aplite 4342 058 112 7
ANU07-096 Antena aplite 4203 031 111 40
Antena aplite average age: 4283 022 130 76
ANU07-082 Pajonal quartz monzonite 4350 032 114 28
ANU07-122 Pajonal quartz monzonite 4297 026 091 34
Pajonal quartz monzonite average age: 4321 021 112 62
1All uncertainties are standard error at 95% confidence limits.
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with filled symbols. In some cases the duplicates lie
within plotting error and only a single point is plotted.
Where there is a distinct difference between duplicates
a connecting line has been drawn between them.
Samples with MgO >25 wt % (Amphibole series) show
greater scatter in Pt than Pd, which shows no significant
variation between duplicates, whereas for samples with
MgO <25 wt % both Pt and Pd show similar scatter.
When plotted against age, there is a distinct spike in
several elements, for example MgO and Pd abundances
at 40–41 Ma (Fig. 8a and c), which correspond to the
emplacement of the Dark quartz monzodiorite and
Table 2: Whole-rock major (as wt % oxides) and trace element (in ppm) concentrations for drill hole and hand samples from the El
Abra–Pajonal igneous complex analysed in this study
Sample: ANU ANU ANU ANU ANU ANU ANU ANU
07-116 07-115 07-094 07-107 07-081 07-098 07-085 07-095
Intrusive unit: Lagarto
porphyry
El Abra
porphyry
El Abra
porphyry
El Abra
porphyry
Apolo
granite
Clara
granodiorite
Clara
granodiorite
Rojo Grande
granite
Drill hole: LAG04-17 98-30 EA220
Depth interval (m): 20655–21160 59613–59998 9730–9785
Easting: 524503 517774 519018 517584 517020 520784 520420 518951
Northing: 7573503 7576309 7576551 7575736 7575880 7575364 7569653 7576493
wt %
SiO2 6388 6777 6583 6546 7684 6392 6394 7060
TiO2 049 032 041 047 013 049 051 034
Al2O3 1731 1638 1706 1691 1276 1727 1713 1473
Fe2O3
t 331 257 324 333 060 378 397 241
MnO 017 003 004 005 000 006 006 002
MgO 155 105 114 154 015 146 172 097
CaO 275 287 292 300 088 437 435 193
Na2O 464 456 475 440 300 468 446 338
K2O 257 289 254 267 520 235 257 426
P2O5 023 015 018 020 001 021 021 010
LOI 178 071 108 102 050 040 050 061
Total 9868 9930 9919 9905 10007 9899 9942 9935
ppm
Sc 762 531 637 738 232 803 878 684
V 157 125 138 154 971 156 163 131
Cr 433 53 32 66 592 506 498 704
Co 77 457 493 669 075 869 861 72
Ni 666 575 677 891 526 833 876 78
Cu 3149 292 217 1688 273 891 125 370
Zn 601 276 716 279 186 104 437 725
Ga 175 174 18 175 147 181 178 156
Ge 703 738 704 697 617 681 701 749
As 147 127 155 125 142 504 095 327
Rb 482 50 422 775 169 533 591 172
Sr 704 608 708 640 148 727 685 294
Y 836 707 852 857 216 927 935 18
Zr 122 130 119 119 518 125 138 161
Nb 72 666 719 727 7 665 661 146
Mo 496 111 128 302 638 169 244 181
Ag 075 019 019 054 028 016 013 018
Sn 145 068 094 139 059 096 098 117
Cs 449 112 057 498 358 217 17 864
Ba 704 774 760 658 367 701 719 555
La 218 207 216 244 708 229 221 275
Ce 413 381 40 428 96 422 404 505
Pr 481 419 455 463 084 482 466 563
Nd 193 16 176 176 271 191 183 209
Sm 342 26 296 294 045 329 314 378
Eu 093 071 08 084 022 088 089 071
Gd 236 197 211 215 038 241 239 323
Dy 165 135 153 166 032 181 185 303
Ho 03 024 029 03 008 033 034 062
Er 083 069 08 086 022 093 091 185
Tm 014 01 012 012 004 014 015 029
Yb 09 078 083 09 036 092 097 225
Lu 012 012 012 014 008 015 015 034
Hf 329 375 334 34 248 357 397 544
Ta 052 061 057 061 067 053 057 189
Pb 164 796 214 881 114 84 864 744
Th 487 634 583 761 141 69 687 361
U 182 156 187 309 401 191 229 127
(continued)
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Central granodiorite intrusions. The Dark quartz monzo-
diorite is the most mafic of the El Abra–Pajonal suite in-
trusions. Samples from the Amphibole series show an
increase in Sr/Y ratios versus decreasing U–Pb age,
whereas those from the Plagioclase series show no
clear trend (Fig. 8b).
Cerium ratios
Zircon Ce4þ/Ce3þ ratios were measured to monitor
variations in the relative oxidation state of the melt
and the median, upper and lower quartiles of the Ce4þ/
Ce3þ ratios are plotted against the average age for
each of the El Abra–Pajonal intrusions used for PGE
Table 2: Continued
Sample: ANU ANU ANU ANU ANU ANU ANU
07-089 07-093 07-104 07-103 07-113 07-101 07-108
Intrusive unit: Llareta
quartz
monzodiorite
Llareta
quartz
monzodiorite
Central
granodiorite
Central
granodiorite
Central
granodiorite
Dark
quartz
monzo-diorite
Dark
quartz
monzo-diorite
Drill hole: 98-32 98-011 EAS01-19 EA02-87 EA261
Depth interval (m): 50080–50130 11790–11846 39510–39564 9144–9163 4100–4123
Easting: 518313 518423 517176 517031 517574 518750 517754
Northing: 7578084 7577656 7576506 7576293 7576175 7575849 7576741
wt %
SiO2 6390 6360 6428 5931 6338 5681 5396
TiO2 057 056 059 079 064 077 083
Al2O3 1655 1653 1638 1749 1611 1765 1726
Fe2O3
t 432 463 384 658 412 725 836
MnO 008 008 004 008 003 009 010
MgO 180 190 207 290 271 350 418
CaO 413 426 353 533 340 631 681
Na2O 427 407 363 379 338 340 337
K2O 290 310 331 218 284 220 232
P2O5 019 019 018 025 022 030 021
LOI 065 035 138 075 185 092 161
Total 9936 9927 9923 9945 9868 9920 9901
ppm
Sc 104 112 111 165 131 183 269
V 171 173 178 229 191 232 299
Cr 446 543 60 552 628 463 47
Co 101 104 135 185 107 186 223
Ni 10 106 142 202 128 162 165
Cu 304 136 1445 497 2135 293 1168
Zn 844 534 432 607 34 537 105
Ga 177 175 167 186 169 185 171
Ge 704 67 726 651 654 681 702
As 571 262 143 21 218 553 225
Rb 949 113 101 764 977 727 858
Sr 545 543 551 615 444 710 672
Y 141 139 137 195 176 198 216
Zr 165 150 147 181 191 142 139
Nb 845 871 863 993 102 979 605
Mo 139 184 447 485 135 114 391
Ag 016 013 065 011 087 016 029
Sn 113 105 103 128 139 153 202
Cs 447 591 487 411 469 338 472
Ba 644 667 703 562 653 480 535
La 233 21 218 267 268 268 212
Ce 459 406 435 523 536 53 43
Pr 544 488 509 618 629 634 53
Nd 22 198 205 256 25 261 225
Sm 416 386 383 495 476 502 466
Eu 089 087 09 121 101 125 112
Gd 331 316 313 416 384 434 434
Dy 27 265 266 364 332 371 405
Ho 051 051 049 07 063 071 078
Er 144 137 139 202 177 2 234
Tm 021 021 021 029 027 03 034
Yb 147 145 144 202 18 204 234
Lu 022 022 021 03 026 031 036
Hf 467 443 42 498 52 424 393
Ta 076 072 07 079 075 082 045
Pb 212 147 613 604 639 528 519
Th 136 156 13 149 148 177 117
U 382 424 366 409 402 501 331
(continued)
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analysis in Fig. 8d. There is a general trend in the me-
dian ratio values of increasing Ce4þ/Ce3þ with increas-
ing magmatic fractionation for samples from the
Amphibole series, which implies that the suite became
more oxidized with time. This is important because the
oxidation state of the melt has a controlling influence
on the solubility of sulfur in the melt as will be dis-
cussed further below. Samples from the Plagioclase
series show little or no increase in Ce4þ/Ce3þ with time
(Fig. 8d).
DISCUSSION
Zircon age correlations
The majority of the average ages for the intrusive units
of the El Abra–Pajonal igneous complex from this study
Table 2: Continued
Sample: ANU07-105 ANU07-127 ANU07-110 ANU07-091 ANU07-082 ANU07-092 ANU07-122
Intrusive unit: Equis
monzogranite
Equis
monzogranite
Equis
monzogranite
Antena aplite Pajonal quartz
monzonite
Pajonal quartz
monzonite
Pajonal quartz
monzonite
Drill hole: EA140 EA265
Depth interval (m): 6212–6252 5317–5557
Easting: 517827 515415 517548 518815 519413 518509 519587
Northing: 7577174 7578224 7576739 7578060 7578213 7577554 7576834
wt %
SiO2 6494 6646 6458 7301 6483 6273 6219
TiO2 042 061 083 031 078 059 085
Al2O3 1673 1504 1558 1344 1538 1688 1593
Fe2O3
t 416 421 390 195 486 473 548
MnO 002 006 002 002 004 007 009
MgO 129 139 209 052 177 206 235
CaO 281 307 170 120 330 455 438
Na2O 397 331 399 319 354 401 360
K2O 281 466 374 530 429 318 379
P2O5 013 015 013 005 018 021 020
LOI 132 031 126 043 036 043 048
Total 9860 9927 9782 9942 9933 9944 9934
ppm
Sc 796 117 155 627 142 115 166
V 146 168 201 112 189 185 207
Cr 396 517 542 588 536 455 759
Co 713 933 992 275 103 11 148
Ni 6 866 13 573 125 116 156
Cu 3692 546 5493 314 425 581 72
Zn 371 464 55 51 307 48 443
Ga 165 165 162 151 169 177 169
Ge 696 69 682 664 702 653 709
As 157 145 176 383 583 38 109
Rb 999 220 120 325 215 114 169
Sr 543 299 298 157 305 583 380
Y 185 272 23 312 269 139 25
Zr 173 386 331 242 371 172 320
Nb 878 14 128 164 149 859 13
Mo 71 18 511 379 281 107 168
Ag 028 013 148 018 014 015 016
Sn 132 157 174 221 234 109 197
Cs 297 983 452 152 12 61 866
Ba 927 705 591 449 582 765 663
La 205 345 272 487 374 195 319
Ce 421 715 546 989 759 39 646
Pr 499 841 634 109 893 47 767
Nd 20 329 252 388 346 193 307
Sm 376 635 477 692 649 378 597
Eu 097 095 099 06 099 093 108
Gd 332 54 425 548 546 311 517
Dy 301 481 414 524 497 262 468
Ho 062 095 082 107 097 048 09
Er 185 278 243 315 281 136 26
Tm 028 041 036 05 042 021 038
Yb 202 284 251 36 287 141 261
Lu 031 043 038 052 042 022 038
Hf 484 104 895 822 101 476 839
Ta 084 123 101 213 128 07 098
Pb 117 123 10 134 113 128 104
Th 164 385 254 867 42 136 32
U 563 699 739 125 102 383 784
LOI, loss on ignition.
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agree, within analytical error, with those of samples
dated by Ambrus (1977), Dilles et al. (1997) and
Campbell et al. (2006). The ages of the inherited zircons
show that the magmas of the El Abra–Pajonal suite
sample known stratigraphic and intrusive units in the
area. These inherited populations can be correlated
with the Eocene Icanche Formation, which consists of
andesitic flows and tuffs (Maksaev, 1990; Maksaev
et al., 1994; Tomlinson et al., 1995; Ireland, 2010), and
the Permian–Triassic Collahuasi Group, which is pre-
dominantly made up of interbedded intermediate–felsic
volcanic rocks and sedimentary units of sandstone and
limestone (Maksaev, 1990; Munizaga et al., 2008).
Magmatic evolution
Although the intrusions that make up the El Abra–
Pajonal suite have many similar geochemical character-
istics, it is unclear if they have formed predominantly
from a single, deeper parent magma that experienced
the injection of a more primitive, wetter melt followed
by mixing of these magmas, or from separate parent
magmas that followed different fractionation trends. As
noted above, two distinct series can be recognized, a
Plagioclase- and an Amphibole-dominant series. Both
evolved through a combination of fractional crystalliza-
tion and assimilation. New magma batches, originating
from the deeper magma chamber(s), were periodically
Fig. 4. Selected whole-rock major element variation diagrams for El Abra–Pajonal suite samples. (a, b) Al2O3 and MgO vs whole-
rock SiO2; (c–f) Na2O, Fe2O3, K2O and TiO2 vs MgO. Red symbols are intrusions younger than 41 Ma and are related to amphibole-
dominant fractionation. Star symbols indicate samples from the El Abra porphyry, which is associated with Cu mineralization.
Circles are samples from the Dark quartz monzodiorite. Light purple symbols indicate intrusions older than 41 Ma, which are
related to plagioclase-dominant fractionation. Crosses are granites and aplites related to plagioclase-dominant fractionation.
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injected into a series of short-lived shallow-crustal
magma chambers, from which our samples were col-
lected. Evidence of assimilation, which comes from zir-
con inheritance and the presence of xenoliths in the
intrusions, has been discussed in more detail by
Valente (2008).
The older Plagioclase series, which includes the
Pajonal quartz monzonite, Equis monzogranite and
Antena aplite, shows all the characteristics of plagio-
clase-dominated fractionation: REE patterns with nega-
tive Eu anomalies (i.e. decreasing Eu/Eu*) that correlate
with decreasing Sr/Y (Figs 5c and 6b), REE abundances
that increase with increasing fractionation, with little
change in La/Lu, and Al2O3 contents that decrease with
increasing SiO2 (Fig. 4a). Major and trace element mod-
eling by Valente (2008) suggests that pyroxene was the
dominant ferromagnesian phase. The Plagioclase series
is interpreted to have formed from a relatively dry
magma (Annen et al., 2006).
The younger Amphibole series includes the Dark
quartz monzodiorite, Central granodiorite, Llareta
quartz monzodiorite, Clara granodiorite, El Abra por-
phyry and Lagarto porphyry. It is characterized by HREE
contents that decrease and La/Lu ratios that increase
with fractionation, small Eu anomalies that decrease
with fractionation (Figs 5c and 6a), and Al2O3 that varies
little with increasing SiO2 (Fig. 4a). This type of fraction-
ation is attributed to amphibole-dominated fraction-
ation with little to no plagioclase fractionation from a
relatively wet magma (Annen et al., 2006; Richards,
2011a; Chiaradia et al., 2012). The spoon-shaped
(concave) HREE patterns displayed by these samples
are characteristic of amphibole6 titanite fractionation
(Ballard, 2001; Valente, 2008).
The exceptions are the Rojo Grande and the Apolo
granites, which are clearly the product of plagioclase
fractionation but are distinctly younger than the other
members of the Plagioclase series. Furthermore, they
have the distinctive spoon-shaped HREE patterns of the
Amphibole series and clearly belong to that series.
Valente (2008) suggested that the fractionation seen in
these samples took place in the upper crustal intrusions
from which the samples were collected, to explain the
compositional variation of samples from the same in-
trusion, which is appreciably greater than for other
members of that series. A drop in pressure, accompa-
nied by loss of water, may explain why plagioclase
replaced amphibole as the dominant crystallizing
phase. The Apolo granite samples (Fig. 6c) have lower
REE abundances and show a wider range of positive
and negative Eu anomalies than all other samples, re-
flecting a combination of plagioclase fractionation and
cumulate processes.
The most primitive magma in the El Abra–Pajonal
suite is the Dark quartz monzodiorite, which belongs to
the Amphibole series. We attribute the Dark quartz
monzodiorite to the entry of a new pulse of magma into
the system. It is not clear whether this new pulse
entered a deep chamber, which contained magma of
the Plagioclase series that had been previously been
crystallizing plagioclase, and mixed with that magma to
produce a magma with an intermediate Eu anomaly, or
Fig. 5. Selected whole-rock trace element results for El Abra–Pajonal suite samples. (a, b) Ni and 1000Cu vs MgO; (c) Sr/Y vs Eu/
Eu*. Symbols as in Fig. 4.
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whether the Amphibole series developed in a deeper
chamber that was independent of the first series. The
observation that the most primitive magma of the
Amphibole series has the strongest Eu anomaly is most
simply explained by the former hypothesis. On the
other hand, the range of REE concentrations seen in
each of the intrusions of the Plagioclase series shows
that much of the fractionation occurred within the
Fig. 6. CI-normalized whole-rock rare earth element patterns for El Abra–Pajonal intrusion samples. (a) El Abra–Pajonal intrusions
that are younger than 41 Ma, excluding granites. (b) El Abra–Pajonal intrusions that are older than 41 Ma. (c) Granite intrusions of
the El Abra–Pajonal suite that are younger than 41 Ma.
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sampled upper-level intrusions. As with the Rojo
Grande and Apolo intrusions, loss of water during de-
compression may explain why amphibole crystalliza-
tion is unimportant or absent in the Plagioclase series.
In either case the PGE geochemistry of the two series
needs to be treated separately.
Amphibole fractionation can be characterized by de-
pletion of elements such as Fe, Mg, Ti, Al, Ca, Ni and Y,
along with depletion of the middle REE (MREE; e.g. Dy)
(Table 2; Figs 4, 5 and 6a; Supplementary Data Fig. A1;
Bottazzi et al., 1999). Rohrlach (2005) proposed that the
Sr/Y ratio can be used to measure the relative import-
ance of plagioclase versus amphibole fractionation in
evolving magmas and therefore to establish if the mag-
mas are hydrous or anhydrous because Sr is
preferentially partitioned into plagioclase, which is
favored by dry magmas, and Y into hornblende, which
crystallizes from wet magmas. Therefore magmatic sys-
tems in which amphibole fractionation dominates over
plagioclase will produce melts with successively higher
Sr/Y and La/Yb values (Figs 5c and 8b; Rohrlach, 2005;
Richards, 2011a). Amphibole-dominant fractionation in
the deeper parent magma chamber, which fed the
smaller higher-level chambers of the Amphibole series
we have sampled, is marked by continuously increasing
La/Dy and La/Yb (Fig. 6) and decreasing Dy, Y, Ni, Fe
and Mg concentrations. These observations suggest
that amphibole fractionation became increasingly im-
portant in the magmatic system from 417 Ma, peaking
with the emplacement of the Clara granodiorite and the
Fig. 7. Variation of Pd (a, c) and Pt (b, d) vs MgO for samples from the El Abra–Pajonal igneous complex and for Pual Ridge and
Niuatahi–Motutahi suites (Park et al., 2013a, 2015) for comparison. Red symbols are intrusions younger than 41 Ma and are related
to amphibole-dominant fractionation. Star symbols indicate samples from the El Abra porphyry, which is associated with Cu min-
eralization. Circles are samples from the Dark quartz monzodiorite. Light purple symbols indicate intrusions older than 41 Ma,
which are related to plagioclase-dominant fractionation. Open symbols show samples that were not analysed in duplicate. Dashed
lines show Pt trends prior to sulfide saturation; dotted lines show Pd and Pt trends after sulfide saturation. Continuous vertical lines
link duplicate samples (see Table 3 for more details of duplicate analyses). MDL, method detection limit.
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porphyries, which are depleted in MREE to HREE and
have very small or no Eu anomalies compared with the
older intrusive units of the Amphibole series (Fig. 6a).
We attribute the increasing Eu/Eu* to plagioclase accu-
mulation, which also increases Sr/Y, and the bimodal
distribution as discriminating between intrusions that
accumulated plagioclase phenocrysts, such as the Clara
granodiorite, El Abra porphyry and Lagarto porphyry,
and those that did not, such as the Dark quartz monzo-
diorite and Central granodiorite. The obvious inference
of the increasing importance of amphibole in the
magma system is that the deep parent magma chamber
became increasingly hydrous and thus a greater
amount of water exsolved in the shallow-level cham-
bers, leading eventually to the formation of the mag-
matic hydrothermal fluids that produced the El Abra
porphyry mineralization. These trends contrast sharply
with those seen in the Plagioclase series, which are pro-
duced by relatively dry magmas. It should be noted that
the higher Sr/Y seen in the Apolo granite samples
(which have corresponding Eu/Eu* >1) relative to the
other granites is due to plagioclase accumulation rather
than fractional crystallization. Pyroxene, although seen
in only trace amounts in the Pajonal quartz monzonite,
is also a likely cumulate phase in the plagioclase-domi-
nated parent chamber of the intrusions older than 41
Ma.
PGE-alloy and sulfide saturation
Samples with MgO >25 wt % show a steady decrease
in Pt abundance with decreasing MgO content, as is typ-
ical of a magma that is saturated with a Pt-rich metal
alloy, but not with a sulfide melt (Fig. 7d; Park et al.,
2013a However, there is no clear trend in Pd for sam-
ples with MgO >25 wt %, which is different from the
well-defined trends seen in the Paul Ridge and
Niuatahi–Motutahi data (Fig. 7c). This difference is
attributed to the Paul Ridge and Niuatahi–Motutahi
samples being fine-grained or glassy lavas, represent-
ing melts, whereas those from El Abra–Pajonal are
phenocryst-bearing porphyritic to phaneritic plutonic
rocks collected from shallow-level intrusions. Evidence
of fractionation occurring within single intrusions
(Figs 4–6) provides clear indication that cumulate proc-
esses were operating in the deep magma chamber.
Prior to sulfide saturation, Pd behaves as an incompat-
ible element (Park et al., 2013a) and its concentration in
cumulate rocks is controlled by a combination of its
concentration in the melt and the fraction of trapped li-
quid in the cumulate rock. We suggest that the absence
of a clear trend in the El Abra–Pajonal Pd data, owing to
the expected increase in the Pd content of the melt
(compare Fig. 7a and c), is obscured by variations in the
amount of trapped liquid in the cumulate rocks.
Alternatively, lack of a clear trend in the pre-sulfide Pd
data could be due to subtle magma mixing that cannot
be unambiguously identified in the major or trace elem-
ent data. Over the same MgO interval Pt follows a well-
defined trend because it is precipitating as a cumulus
Pt-rich alloy and is less affected by the amount of
trapped liquid in the rocks. Its decline in Fig. 7b and d is
controlled mainly by the declining solubility of Pt in the
cooling melt.
Depletion in Pt, without a corresponding decline in
Pd, is attributed to alloy precipitation (Park et al., 2013a,
2015). The fraction required to produce the observed
decline in Pt in samples with MgO >25 wt % is very
small (Fig. 7b). Because the rate of decline of Pt in the
melt is low, the bulk partition coefficient must be only
Fig. 8. (a) Whole-rock MgO (wt %), (b) Sr/Y, (c) Pd (ppb) and (d)
zircon Ce4þ/Ce3þ ratios vs average U–Pb zircon ages of the in-
trusions of the El Abra–Pajonal igneous complex. Symbols are
as in Fig. 4.
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slightly greater than unity. If we assume that the alloy
contains c. 85% Pt, as expected for an alloy precipitating
from a felsic melt (Park et al., 2013a), the fraction of
alloy needed to produce the observed Pt decline from
700 to 450 ppt (from 42 to 27 wt % MgO) is c. 8 ppb,
assuming that 30% fractionation is required to produce
the observed drop in MgO. The scatter in duplicate ana-
lyses of samples with MgO contents greater than 25%
is greater for Pt than Pd, which is consistent with the ex-
istence of a Pt-rich alloy, because the presence of these
alloys affects the Pt but not Pd concentrations (see Park
et al., 2013a).
Below c. 25 wt % MgO the Pt and Pd concentrations
in the El Abra samples decrease rapidly, which we attri-
bute to the melts reaching sulfide saturation. This is
best seen in the Amphibole series, which gave rise to
the ore-associated El Abra porphyry. As noted above,
most of the fractional crystallization at El Abra is inter-
preted to have occurred in a deep parent magma, which
underlay the shallow daughter intrusions that were
sampled for this study, whereas the ore-forming fluids
emanated from one of the shallow daughter intrusions,
the El Abra porphyry. As a consequence, the ore-form-
ing fluids did not have access to the cumulate sulfides
in the deep parent magma chamber. In this context we
note that the cumulus sulfides of the Merensky and
Platinova Reefs of the Bushveld and Skaergaard intru-
sions, respectively (Barnes & Campbell, 1988; Keays &
Tegner, 2015), and Opirarukaomappu Gabbroic
Complex of Japan (Tomkins et al., 2012) preserve their
cumulate sulfides at depth with no evidence of having
lost either Cu or Au. Furthermore, if magmatic sulfides
were contributing to the ore fluid, one might expect a
correlation between Cu and Pd. A plot of Cu against Pd
for the analyzed El Abra samples (Supplementary Data
Fig. A2) shows no such correlation. Plots of Cu (Fig. 5b)
and Au (not shown) versus MgO, prior to sulfide satur-
ation (before the appearance of sulfide nuggets), show
appreciably more scatter than the PGE plots, which sup-
ports the conclusion that Cu and Au are more mobile
than the PGE. The decreases in Pt and Pd seen in this
series are similar to those seen at Pual Ridge and
Niuatahi–Motutahi (Fig. 7c and d), which are also attrib-
uted to sulfide saturation (Park et al., 2013a, 2015). Once
sulfide saturation was reached at 25 wt % MgO the Pt
concentration of the samples fell below the Pt solubility
curve as obtained by projecting the pre-sulfide Pt solu-
bility curve beyond sulfide saturation (Fig. 7b). Prior to
sulfide saturation at 25 wt % MgO only the Pt data
show scatter in the duplicate analyses, whereas for
samples with <25 wt % MgO both Pt and Pd show scat-
ter. We attribute this difference to the presence of an
immiscible sulfide melt, which sequesters both Pt and
Pd, replacing the Pt-rich metal alloy as the nugget phase
precipitating from the melt.
The presence of nuggets complicates the interpret-
ation of the post-sulfide saturation trend line shown in
Fig. 7a and b. This means that the analyzed samples
have two components, a solidified melt component and
a nugget (or cumulate) component. The post-sulfide
saturation melt component is best evaluated by draw-
ing the trend line through the lowest points in Fig. 7a
and b to minimize the nugget effect. We have done this,
but because there is no certainty that even the low
Pt–Pd points contain no nuggets, the trend line may
have a slope that is lower than the true liquid fraction-
ation trend.
The disagreement in Pt and Pd values for duplicates
from the Plagioclase series samples, which is greater
than that seen in the Amphibole series, is attributed to a
higher abundance of sulfide nuggets. The absence of
clear trends in this series is also attributed to the abun-
dance of nuggets. Although no trends can be recog-
nized, the presence of sulfide nuggets requires all
samples from the Plagioclase series intrusions to have
crystallized from a sulfide-saturated melt.
Significant and conclusive petrographic evidence of
PGE-alloys and sulfide melt in the El Abra–Pajonal suite
samples is lacking because the amount of alloy or sul-
fide required to produce the observed effect is minis-
cule, which makes them difficult to find by optical
microscopy. Furthermore, most of the alloys and sulfide
precipitates are postulated to form in an unexposed
deeper magma chamber below the sampled shallow in-
trusions. Sulfide melt blebs associated with sulfide sat-
uration in an evolving magmatic system have been
identified in other intrusive suites; for example, the
Boggy Plains pluton (Park et al., 2013b). In reflected
light, yellow inclusions in phenocrysts of possible pri-
mary origin, which are rare and too small to identify
with confidence, occur in several of the El Abra–Pajonal
suite units (El Abra porphyry, Clara granodiorite,
Central granodiorite, Dark quartz monzodiorite, Equis
monzogranite). These could be sulfide melt blebs that
may have formed in the deeper magma chamber and
been incorporated into the sampled high-level intru-
sions in phenocrysts.
A sample of the El Abra porphyry with 11 wt % MgO
(Fig. 7b) is anomalous with very high Pt but only slightly
elevated Pd, indicating that the anomaly is due to the
presence of nuggets of Pt-rich metal alloy and not an
immiscible sulfide. This interpretation is consistent with
the marked difference in the Pt duplicates. If the anom-
alous Pt values are due to nuggets they must come
from the deep chamber, probably as inclusions in early
formed phenocrysts, because the sample that contains
them formed well after sulfide saturation. Park et al.,
(2013a) also noted a correlation between the presence
of phenocrysts and metal alloy nuggets at Pual Ridge.
The El Abra porphyry Cu deposit formed towards the
end of the magmatic evolution of the intrusive system.
Whole-rock MgO values for the El Abra porphyry, which
is the unit associated with the mineralizing event, range
from 105 to 154 wt %, which is at least 10 wt % MgO
less than the MgO content at which sulfide saturation
occurred. Despite the occurrence of sulfide saturation
prior to ore-fluid saturation, Cu was available to parti-
tion into the ore-fluid phase and form the Cu deposit.
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This is possible only if the amount of sulfide liquid that
formed at sulfide saturation was small. The sulfide
melt–silicate melt partition coefficient of Cu (102–103) is
lower than that of Au (103–104), and much lower than
that for Pt and Pd (c. 105–106) (Campbell & Barnes,
1984; Ripley et al., 2002; Fonseca et al., 2009; Mungall &
Brenan, 2014), allowing the sulfide liquid to strip the
magma of Au and PGE but not Cu. Richards (2005) rec-
ognized that fractionation of a small amount of sulfide
melt would remove Au from the silicate melt but not
significantly affect its Cu content; the results of this
study are consistent with this hypothesis. Therefore
both the timing of sulfide saturation relative to ore-fluid
saturation and the amount of sulfide melt are important.
Where sulfide saturation preceded ore-fluid saturation
it is the amount of sulfide melt that formed that controls
the Cu and Au content of the silicate melt and therefore
whether the magmatic system has the potential to pro-
duce an ore deposit and, if it does, whether the deposit
that forms is Cu-only or Cu–Au.
Sulfide saturation in porphyry systems is suggested
to have occurred at other deposits; for example, Bajo de
la Alumbrera, Argentina, and Bingham Canyon, Utah
(Keith et al., 1997; Halter et al., 2002, 2005). These stud-
ies, along with review papers, have proposed that the
sulfide droplets that form at sulfide saturation subse-
quently break down and release chalcophile elements
into exsolving fluids that form the porphyry deposits
(Richards, 2009, 2011b; Aude´tat & Simon, 2012;
Wilkinson, 2013). However, this does not appear to be
the case at El Abra, nor for the magma chambers that
are interpreted to underlie the Pual Ridge and Niuatahi–
Motutahi volcanic areas (Fig. 7c and d), because in all
cases the Pt and Pd abundances fall following sulfide
saturation in a deeper magma chamber. In addition,
there is no correlation between Cu and Pd at El Abra
(Supplementary Data Fig. A2), as would be expected if
sulfide droplets broke down and released the chalco-
phile elements into hydrothermal fluids, because the
amount of sulfide melt that formed in the deeper cham-
ber was very small, removing PGE and Au from the
melt but not significant Cu, allowing the Cu to partition
into the hydrothermal fluids that exsolved to form the El
Abra porphyry Cu deposit.
Although there are many factors that can influence
the nature of porphyry mineralization, our study
focuses on the role of sulfide saturation and its impact
on porphyry Cu6Au deposits. The geodynamic setting
and the alkalinity of the magmas may also play a role in
determining Cu:Au ratios in some porphyry systems
and these have been discussed in more detail by
Sillitoe (1997) and Richards (2009). Gold-rich porphyries
are typically associated with more alkaline magmas, for
example the Cu–Au porphyries in New South Wales,
Australia (Wilson et al., 2003; Cooke et al., 2007; Lickfold
et al., 2007), which form in post-subduction settings. In
contrast, Cu-rich porphyries are often related to intru-
sions of weakly alkaline to subalkaline affinities that are
associated with active subduction (Sillitoe, 2010). The El
Abra–Pajonal suite intrusions are subalkaline magmas
associated with subduction.
Relative oxidation state of the magmas
Changes in the Ce4þ/Ce3þ in zircon suggest that the
magmas of the Amphibole series became more oxi-
dized as the suite evolved (Fig. 8d); we estimate the fO2
of the suite to be near that of the sulfide–sulfate transi-
tion. These results are consistent with those of Ballard
et al. (2002) for samples from the same suite (shown as
small black crosses in Fig. 8d). As noted above, the oxi-
dation state of the melt has an important influence on
the solubility of sulfur. The stable species of sulfur in
oxidized magmas is sulfate, which dissolves readily in
silicate melts, whereas in reduced melts the stable form
is the less soluble sulfide. We suggest that late sulfide
saturation in the Amphibole series is due to the magma
becoming increasingly oxidized with fractionation, and
that this partially offsets the effect of declining tempera-
ture in the cooling parent magma chamber that is inter-
preted to underlie the El Abra suite of intrusions. We
note too that the El Abra suite follows a monotonic Fe
depletion trend so that there is no ‘magnetite crisis’,
which leads to a sudden drop in the oxidation state and
precipitation of sulfides, as seen at Pual Ridge (Jenner
et al., 2010). For these reasons the increase in the oxida-
tion state of the Amphibole-series melts with fraction-
ation increased the likelihood of them forming an
economic Cu deposit.
Sulfide saturation modeling
The theoretical effects of sulfide saturation have been
modeled using the Rayleigh fractionation equation and
assuming that the partition coefficients (D) for the parti-
tioning of Cu, Au and Pt–Pd between immiscible sulfide
and silicate melts are 15 103, 104 and 2 105, respect-
ively (Ripley et al., 2002; Fonseca et al., 2009; Mungall &
Brenan, 2014). The models assume that the rate of sul-
fide precipitation increases gradually over a 10% inter-
val, as observed by Keays & Tegner (2015) for
Skaergaard, starting at 70% fractionation, and are
shown in Fig. 9. It should be noted that the rate of de-
cline of Cu, Au, and the PGE is in order of their partition
coefficients, as expected. Although there is some uncer-
tainty as to the exact D values, these do not affect the
conclusions drawn here, provided the relative order of
DCu<DAu<DPGE is correct, because the differences be-
tween them are so large (e.g. order of magnitude vari-
ations). If the D values are lower than the assumed
values, more sulfide precipitation is needed to produce
the bulk D values required to explain our data; if they
are higher, less sulfide precipitation is required.
At 80% fractionation, if the sulfide melt makes up 1%
of the fractionating phases, the Cu, Au and PGE content
of the melt will be small to negligible (Fig. 9). A fluid
emanating from such a magma would be barren.
Alternatively, if the sulfide melt makes up 03% of the
fractionating phases most of the Au and PGE will be
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removed but only c. 50% of the Cu (Fig. 9). If ore-fluid
saturation occurred at 80% fractionation, the mineraliz-
ing fluid would be Cu-rich and Au-poor, and would pro-
duce Cu-only mineralization. If sulfide fractionation is
reduced to 01%, the Cu content of the melt falls much
more gradually following sulfide saturation. However,
the Au content continues to fall rapidly, becoming negli-
gible by 80%. A fluid forming at 80% fractionation is ex-
pected to form a deposit that is richer in Cu than the
previous case, but still Au poor. We suggest that this is
the case at El Abra and can explain why El Abra is a Cu-
only deposit. A Cu–Au deposit will develop only if the
amount of sulfide melt to form is well below 003% or if
ore-fluid saturation occurs before or very soon after sul-
fide saturation. The rate of sulfide melt precipitation is
probably controlled by a combination of the cooling
rate of the magma and the rate at which its oxidation
state changes.
CONCLUSIONS
Mean U–Pb zircon ages and whole-rock and mineral
chemistry data for the El Abra–Pajonal suite intrusions
indicate that the El Abra–Pajonal magmas evolved in a
long-lived, mid- to lower-crustal magma chamber over
a period from 43 to 35 Ma. New magma batches, origi-
nating from this mid-crustal chamber, were periodically
injected into a series of short-lived upper-crustal cham-
bers with a periodicity of c. 1 Myr. Fractional crystalliza-
tion and assimilation, along with injection of mafic
magma at 41–40 Ma, were the key magmatic processes
governing the evolution of the El Abra–Pajonal suite,
producing a suite of alkali feldspar granite to quartz
monzodiorite intrusions. The intrusions older than 41
Ma formed by plagioclase-dominant fractionation of
relatively dry magmas, whereas the younger intrusions
of the Amphibole series formed by amphibole-domin-
ant fractionation of wetter magmas. The oxidation state
and water content of the Amphibole series increased
with fractionation, the former leading to delayed sulfide
saturation and the latter promoting early saturation of a
hydrothermal fluid. This combination favored the for-
mation of the fertile magmatic–hydrothermal fluid asso-
ciated with formation of the El Abra porphyry Cu
deposit.
Sulfide saturation occurred before ore-fluid satur-
ation during the evolution of the El Abra–Pajonal igne-
ous complex. However, the system still produced a Cu
deposit because the amount of immiscible sulfide melt
precipitation was very small, enough to strip most of
the PGE and Au from the silicate melt but only a fraction
of the Cu. As a consequence, the El Abra–Pajonal igne-
ous complex produced a Cu-rich, Au-poor ore body.
The timing and extent of sulfide saturation in a por-
phyry system not only influences whether ore mineral-
ization occurs but may also affect the type of
mineralization that forms, whether it is Cu, Cu–Au or
PGE-enriched Cu–Au.
Fig. 9. Concentrations of Cu (blue), incompatible elements
(green), Au (orange), and PGE (red) vs per cent fractionation.
Sulfide saturation is assumed to occur at 70% fractionation for
various percentages of sulfide melt formed. Dsulfide melt/silicate
melt values used are 15103 for Cu, 104 for Au, and 2105 for
PGE (see text for details). Shaded grey band indicates 80–90%
fractionation; this is used in the text discussion of ore-fluid
saturation.
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APPENDIX C. GRASBERG – petrology and geochronology 
 
Table C1. Sample locations for Grasberg-Ertsberg samples collected for this study. 
Sample Formation Hole ID/Depth Northing Easting  Elevation 
Gras1 Dalam Volcanic  NWS-06 @ 55.0m 9552220 734508 Level 4050 
Gras2 Main Grasberg Intrusion (Tgm) 
GRD42-06 
@ 391.15-391.65m 9551393 734407 Level 2650 
Gras3 Main Grasberg Intrusion (Tgm) 
GRD37-07 
@ 58.2m 9551132 734517 Level 3050 
Gras4 Main Grasberg Intrusion (Tgm) 
GRS-37-148 
@ 84.0m 9551291 734453 Level 3720 
Gras5 Dalam Andesite (Tgda) GRD37-07 @ 252.6 -253.1m 9550980 734399 Level 3100 
Gras6 Dalam Fragmental Andesite (Tgdfa) 
GCZ-229-03 
@ 47.0m 9550779 734253 Level 3625 
Gras7 Dalam Fragmental Andesite (Tgdfa) 
GRD37-07 
@ 113.0m 9551090 734484 Level 3075 
Gras8 Dalam Fragmental Andesite (Tgdfa) 
GRD39-01 
@ 235.0m 9551333 734571 Level 2808 
Gras9 Dalam Diorite/Andesite (Tgdd/Tgda) 
GRD37-07 
@ 79.2m 9551115 734504 Level 3050 
Gras10 Dalam Diorite/Fragmental Andesite (Tgdd/Tgdfa) 
GRD39-01 
@ 267.4 - 267.9m 9551330 734569 Level 2776 
Gras11 Hornblende Diorite Kali/Early Kali? (Tske) 
GBC6-03-01 
@ 45.4m 9550672 735282 Level 2770 
Gras12 Biotite Diorite Kali/Late Kali? (Tskl) 
GRD39-01 
@ 453.0m 9551290 734540 Level 2589 
Gras13 Biotite Diorite Kali/Late Kali? (Tskl) 
GBC6-03-01 
@ 339.0m 9550611 735143 Level 2775 
Gras14 Biotite Diorite Kali/Late Kali? (Tskl) 
GRD39-01 
@ 417.0m 9551295 734543 Level 2626 
Gras15 Gajah Tidur (Tigt) formerly Tikl 
KL98-10-21 
 @ 719.5m 9550828 734235 Level 2359 
Gras16 Gajah Tidur (Tigt) formerly Tikl 
KL98-10-21 
 @ 1194.1 - 1195.1m 9550890 734360 Level 1906 
Gras17 Gajah Tidur (Tigt) formerly Tikl 
KL98-10-22  
@ 1102.0m 9550562 733910 Level 1987 
Gras18 Gajah Tidur (Tigt) formerly Tikl 
KL98-10-22  
@ 1320.5m 9550566 733839 Level 1777 
Gras19 Dalam Andesite (Tgda) KL98-10-21  @ 419.0 - 419.4m 9550792 734176 Level 2654 
Gras20 Kali KL98-10-21  @ 1567.1 - 1568.0m 9550941 734491 Level 1552 
Gras21 Kali KL98-10-21  @ 1274.7 - 1275.7m 9550901 734385 Level 1830 
Gras22 Kali KL98-10-21  @ 1414.7 - 1415.7m 9550922 734433 Level 1696 
Gras23 Dalam Andesite (Tgda) KL98-10-22  @ 255.3 - 255.6m 9550686 734070 Level 2816 
Gras24 Porphyritic dyke (Tpi) KL98-10-22  @ 1522.8 - 1523.8m 9550487 733891 Level 1576 
GIC = Grasberg Igneous Complex Location data from PT Freeport Indonesia 
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Table C1. Sample locations continued. 
Sample Formation Hole ID Sample:  i ii iii iv v vi 
      depth (m) 
EBG4a Ertsberg (Te) GVD     96-4-01 16.7-19.7 
22.7-
25.7 
28.7-
31.7       
EBG4b Ertsberg (Te) GVD     96-4-01 83.4-86.4 
86.4-
89.4 
113.9-
117.5 
117.4-
120.6 
155.4-
158.4 
176.3-
179.3 
EBG4c Ertsberg (Te) GVD    96-4-01 203.6-207 
207-
209.5         
EBG1a Ertsberg (Te) DMLZS 02-05 
60.4-
60.83           
EBG1b Ertsberg (Te) DMLZS 02-05 
220.1-
220.8           
EBG1c Ertsberg (Te) DMLZS 02-05 
272.8-
273.25           
EBG2a Ertsberg (Te) TEW    09-09 
1013.2-
1016.2 
1016.2-
1019.2         
EBG2b Ertsberg (Te) TEW    09-09 
1058.2-
1061.2           
EBG2c Ertsberg (Te) TEW    09-09 
1069.2-
1172.2 
1172.2-
1175.2         
EKL1 Early Kali (Tske) 
GBC      
6-02-05 14.4-17.2 
35.2-
38.2 
41.2-
44.2       
LKL1 Late Kali (Tskl) GBC      6-02-05 
163.5-
167.0 
170.5-
173.8 
176.8-
179.8       
KRM Karume (Tkp) GBC      6-02-05 
185.2-
188.2 
194.2-
197.2 
200.2-
203.0       
EBG3a Ertsberg (Te) GVD      3-01-01 29.1-32.1 
32.1-
35.1 
41.1-
44.1       
EBG3b Ertsberg (Te) GVD      3-01-01 
221.1-
224.1 
224.1-
227.21 
227.1-
230.1       
EBG3c Ertsberg (Te) GVD      3-01-01 
329.1-
332.1 
332.1-
335.1 
335.1-
338.1       
EBG3d Ertsberg (Te) GVD      3-01-01 
407.1-
410.1           
EBG3e Ertsberg (Te) GVD      3-01-01 
576.1-
578.6 
578.6-
581.1 
593.1-
596.1       
WNG2 Wanagon sill (Tiw) 
WAN   
12-02/01 6.8-10 10-12.9         
SWG1a South Wanagon (Tsw) 
WAN   
12-02/01 
250.4-
253.0 
259-
262         
SWG1b South Wanagon (Tsw) 
WAN   
12-02/01 304-307 
307-
310         
WNG1a Wanagon sill (Tiw) 
WD      
27-13 54.3-56.8           
WNG1b Wanagon sill (Tiw) 
WD      
27-13 84.0-87.0           
WNG1c Wanagon sill (Tiw) 
WD      
27-13 
159.0-
162.0           
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Table C2. Brief sample descriptions. 
Sample Formation Brief description 
Gras1 Dalam Volcanic  Light grey coloured intensely and pervasively 
hydrothermally-altered sample with porphyritic texture. Non-
pervasive yellow to orange-brown Fe-oxyhydroxides along 
fractures.  Disseminated anhedral pyrite grains (ca. 5% of 
sample) up to 1.5 mm across, rarely with covellite rims.  
Disseminated magnetite throughout samples (ca. 5 %). 
Gras2 Main Grasberg 
Intrusion (Tgm) 
Grey coloured non-pervasive fracture controlled alteration.  
Disseminated pyrite and chalcopyrite.  Sulfide and gangue 
veinlets (<1 mm wide) crosscut sample.  Some minor 
localised weathering of sample. Feldspar, amphibole, quartz 
phenocrysts.  Feldspars dominant, many with zoning and 
twinning, some with corroded cores. 
Gras3 Main Grasberg 
Intrusion (Tgm) 
Grey coloured intensely and pervasively hydrothermally-
altered sample with disseminated sulfides (chalcopyrite and 
bornite) and magnetite.  Phenocrysts (feldspar, quartz, 
amphibole) are almost completely altered (biotite and sericite 
alteration).  Sulfide and quartz veinlets (<2 mm) and small 
fractures occur throughout sample. 
Gras4 Main Grasberg 
Intrusion (Tgm) 
Light pink-grey rock with dark flecks.  Moderately and 
pervasively hydrothermally-altered.  Feldspar and amphibole 
phenocrysts. Sulfides (predominantly chalcopyrite) occur in 
veinlets and are disseminated throughout sample.  Sulfide 
minerals are chalcopyrite, bornite, and minor pyrite.  
Magnetite occurs in sample, including within veinlets. 
Gras5 Dalam Andesite 
(Tgda) 
Grey coloured intensely and pervasively hydrothermally-
altered rock with abundant disseminated sulfides 
(chalcopyrite, bornite, minor pyrite).  Phenocrysts and 
groundmass very altered.  Veinlets of quartz and anhydrite 
crosscut sample. 
Gras6 Dalam Fragmental 
Andesite (Tgdfa) 
Light grey intensely and pervasively hydrothermally-altered 
sample (phyllic alteration).  Sulfides, predominantly pyrite 
with minor bornite and chalcopyrite, are disseminated and 
occur in veinlets. 
Gras7 Dalam Fragmental 
Andesite (Tgdfa) 
Intensely and pervasively hydrothermally-altered grey rock 
(potassic alteration).  Veinlets, predominantly of quartz and 
anhydrite, up to 1 cm wide and crosscut sample; anhydrite 
veinlets formed later than others.  Minor secondary biotite 
present.  Sulfides (chalcopyrite and bornite) are disseminated 
throughout sample. 
Gras8 Dalam Fragmental 
Andesite (Tgdfa) 
Intensely and pervasively hydrothermally-altered rock 
(potassic alteration).  Sulfides, predominantly chalcopyrite, 
occur in veinlets and are disseminated throughout sample.  
Veinlets up to 1 cm wide predominatly comprised of quartz 
and residual anhydrite.  Minor secondary biotite alteration. 
Gras9 Dalam Andesite 
(Tgda) 
Grey coloured intensely and pervasively hydrothermally-
altered rock (potassic alteration).  Crosscutting veins and 
veinlets of interlocking quartz.  Biotite alteration. Veinlets of 
bornite up to 3 mm wide.  One vein of bornite 2 cm wide.  
Fewer veinlets of chalcopyrite. 
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Gras10 Dalam Fragmental 
Andesite (Tgdfa) 
Grey coloured very intensely and pervasively 
hydrothermally-altered rock (potassic alteration) with a 3 
mm wide quartz veinlet.  Very minor amount of disseminated 
sulfides, predominantly bornite and chalcopyrite.  Anhydrite 
in groundmass, along with quartz, feldspar, biotite, and 
anhydrite also occurs in veinlets.  
Gras11 Hornblende Diorite 
Kali/Early Kali? 
(Tske) 
Light grey coloured weakly and pervasively hydrothermally-
altered rock (propylitic alteration) with dark grey-black 
flecks.  Porphyritic texture with phenocrysts of plagioclase, 
amphibole, biotite, alkali feldspar.  Titanite and zircon are 
accessory phases.  Minor disseminated sulfide mineralisation 
of pyrite, chalcopyrite, and bornite.  Disseminated magnetite.  
Gras12 Biotite Diorite 
Kali/Late kKali? 
(Tskl) 
Coarse-grained (crystals up to 3 mm wide) weakly altered 
sample with quartz, feldspar, hornblende, biotite, and 
magnetite.  Minor disseminated pyrite, chalcopyrite and 
bornite in sample.  A dark veinlet, 4 mm wide, of magnetite. 
Gras13 Biotite Diorite 
Kali/Late Kali? 
(Tskl) 
Light grey coloured moderately and pervasively 
hydrothermally-altered rock with disseminated sulfides of 
pyrite and lesser chalcopyrite.  Feldspars, biotite, amphibole, 
and quartz occur in sample.  Pyrite veinlets and quartz 
veinlets occur throughout sample. 
Gras14 Biotite Diorite 
Kali/Late Kali? 
(Tskl) 
Weakly-moderately and pervasively hydrothermally-altered 
grey rock with feldspars, biotite, quartz, amphibole, with 
some disseminated sulfides (pyrite, chalcopyrite, and 
bornite).  Abundant disseminated magnetite.  Some very 
small veinlets of quartz  less than 1 mm wide.  A few veinlets 
up to 3 mm wide. 
Gras15 Gajah Tidur (Tigt) White to light grey coloured, intensely and pervasively 
altered (potassic alteration) sample with brown-red remnant 
grains.  Minor disseminated sulfides, predominantly pyrite.  
Sulfide veinlets less than 1 mm wide.  Quartz veinlets up to 5 
mm wide. 
Gras16 Gajah Tidur (Tigt) Intensely hydrothermally-altered sample (potassic alteration), 
possibly stockwork related.  High density of quartz cross-
cutting quartz-anhydrite veins/veinlets up to 1.5 cm wide.  
Minor disseminated sulfides of pyrite and bornite. 
Gras17 Gajah Tidur (Tigt) Intensely hydrothermally-altered sample with red-brown 
remnant minerals.  Biotite-quartz-feldspar alteration.  Many 
cross-cutting quartz veins up to 3 cm wide. Minor 
disseminated sulfides (pyrite and bornite). 
Gras18 Gajah Tidur (Tigt) Intensely hydrothermally-altered white to light-grey rock 
with quartz veins, up to 7 mm wide, and disseminated 
sulfides of chalcopyrite and pyrite.  Molybdenite occurs in 
one veinlet.  Some secondary biotite. 
Gras19 Dalam Andesite 
(Tgda) 
Intensely and pervasively hydrothermally-altered off-white 
coloured silicified sample with abundant pyrite on fracture 
surfaces - small veinlets of pyrite, minor chalcopyrite and 
bornite.  Minor disseminated pyrite also occurs in sample. 
Gras20 Kali Very-weakly altered medium-coarse grained light grey rock 
with black grains and rare disseminated sulfides. Plagioclase, 
hornblende, alkali feldspar.  Amphiboles appear weakly 
corroded. 
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Gras21 Kali Weakly hydrothermally-altered light grey coloured rock with 
black crystals.  Medium-coarse grained with some 
disseminated sulfides and chalcopyrite and bornite on 
fracture surfaces.  Plagioclase, alkali feldspar, quartz, 
amphibole occur throughout sample. 
Gras22 Kali Moderately hydrothermally-altered (phyllic alteration) light 
grey coloured rock with black crystals.  Medium-coarse 
grained with minor clusters of sulfides (pyrite, minor 
chalcopyrite) disseminated through sample.  Feldspars 
altered.  Quartz, sericite occur throughout sample. 
Gras23 Dalam Andesite 
(Tgda) 
Grey coloured moderately-intensely and pervasively 
hydrothermally-altered rock with some weathered areas.  
One part contains areas of green copper oxidation.  Contains 
some disseminated sulfide mineralisation of predominantly 
pyrite.  One part contains euhedral pyrite cubes and has a 
quartz veinlet 0.5 to 1 cm wide. 
Gras24 Tpi Weakly to intensely hydrothermally-altered (propylitic to 
phyllic) light grey phaneritic-textured rock with disseminated 
sulfides including pyrite, chalcopyrite, and bornite.  
Plagioclase, alkali feldspar, quartz, hornblende, biotite. 
EBG1         
(a, b, c) 
Ertsberg (Te) Light grey coloured sample with dark green mafic minerals.  
Predominantly feldspar with amphibole, biotie, magnetite, 
disseminated chalcopyrite. Parts are weakly altered to 
chlorite and contain minor thin veinlets with pyrite. 
EBG2         
(a, b, c) 
Ertsberg (Te) Light grey coloured with dark green crystals.  Phaneritic 
texture with mm-scale crystals of plagioclase, amphibole 
(with chlorite alteration), minor magnetite, disseminated 
pyrite and chalcopyrite.  Minor epidote and minor thin 
veinlets.  Very weakly altered in places. 
EBG3          
(a to e) 
Ertsberg (Te) White to light grey coloured sample (predominantly feldspar) 
with small dark green crystals (biotite and amphibole).  
Variably altered (propylitic alteration - chlorite alteration of 
mafic minerals).  b and d more altered, b has clusters of 
epidote and is non-pervasively altered, d is darker in colour 
than c and e.  Variable magnetite and disseminated pyrite and 
chalcopyrite. 
EBG4         
(a, b, c) 
Ertsberg (Te) Grey coloured sample with dark green mafic minerals.  
Predominantly feldspars with biotite, altered amphiboles.  
Alteration and sulfides (pyrite, chalcopyrite and bornite) 
variable throughout pieces.  Veinlets of epidote occur in parts 
of sample. 
EKL1 Early Kali (Tske) Grey coloured sample of feldspars, amphibole, biotite, 
magnetite and rare disseminated pyrite.  Mafic minerals are 
altered (propylitic alteration).  Thin veinlets and fractured 
occur. 
Appendix C 
198 
Sample Formation Brief description 
LKL1 Late Kali (Tskl) Grey finer-grained rock comprised of feldspars, amphiboles 
(variably altered) biotite.  Veinlets and fracture surfaces 
coated with sulfides of pyrite, chalcopyrite and bornite.  
Sulfides are disseminated through parts of the sample.  Least 
altered and least minerlaised section selected for 
geochemistry.  Chlorite alteration of mafic minerals. 
KRM1 Karume (Tkp) Coarse-grained grey rock with pink and white phenocrysts 
(feldspars) that are cm-scale.  Amphibole, minor magnetite, 
disseminated pyrite and lesser chalcopyrite.  Veinlets occur 
with chalcopyrite and bornite.  Epidote alteration. 
WNG1       
(a, b, c) 
Wanagon sill (Tiw) Coarse-grained white and grey rock with white coloured 
mm-cm scale phenocrysts of plagioclase that are euhedral 
and rectangular.  Dark mm-scale sized hornblende and 
biotite.  Minor magnetite and pyrite.  Very weak chlorite 
alteration of mafic minerals. 
WNG2 Wanagon sill (Tiw) Grey coloured coarse grained rock with cm-scale 
phenocrysts of plagioclase, alkali feldspar and quartz.  Small 
mm-scale crystals of amphibole and biotite.  Minor 
disseminated pyrite along fractures.  Thin veinlets of pyrite.  
Very weakly altered - epidote and chlorite alteration 
SWG1        
(a, b) 
South Wanagon 
(Tsw) 
Slightly altered dark grey fine-grained porphyrytic rock with 
small crystals that are dark-coloured.  Some very small but 
visible by eye plagioclase.  Amphibole and magnetite, rare 
pyrite. 
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Figure C1. Photomicrographs of veinlets of quartz and anhydrite in altered host 
samples (Gras 7, 8, 14, 16, 17). 
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Figure C2. Photomicrographs of feldspars, amphiboles and magnetite (bottom right) 
(Gras 2, 11, 12, 14, 20, 24). 
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Figure C3. Reflected light photomicrographs showing porphyry sulfide mineralisation 
in GIC samples (Gras 2, 3, 4, 7, 10, 16). Sulfides are pyrite (py), chalcopyrite (cp), 
bornite (bn), chalcocite (cc), covellite (cv), and molybdenite (mo).  
py py 
cp 
cp 
cp 
cp 
bn bn 
cp & bn 
cp 
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Figure C4. Photomicrographs in plane and reflected light of mineralised veinlet 
comprising anhydrite with chalcopyrite (cp) and bornite (bn) along vein margins (Gras 
3).  
 
 
Figure C5. Photomicrographs in plane light and with crossed polars showing sericite 
alteration (Gras 22). 
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Table C3. 206Pb/238U uncorrected, common Pb corrected, Th disequilibrium corrected 
ratios for individual zircon analyses. Also shown are the age calculated from the Th 
disequilibrium corrected ratio, the Th and U concentrations in ppm, and notes to show 
which zircon analyses were rejected in the final age calculations due to inherited/mixed 
ages, discordance, or outlier-rejected by the cumulative probability graph and weighted 
average age calculation. 
Notes Errors on raw data were 2SE 
Error on Th corrected ratio very large as a combined error of common Pb corrected 
Pb/U ratio error and that of ƒ (ƒ error is large). 
Error on age is combined error of error on common Pb corrected Pb/U age (not shown) 
and ƒ (in this case error on ƒ is relatively small compared to error on age). 
Common Pb correction based on Andersen (2002) and is corrected for in VizualAge 
data reduction scheme in Iolite. 
Th disequilibrium correction from Schärer (1984) and discussed further in Parrish 
(1990) and Schoene (2013). 
    
Th disequilibrium calculations: 
    
(206Pb/238U)corrected = (206Pb/238U)measured - (ƒ-1)(λ238/λ230) 
    
and   
    
texcess age = (1/λ238) ln [ 1+ (ƒ-1)(λ238/λ230)] 
    
where   
    
ƒ = (Th/U)mineral / (Th/U)magma 
λ238 is the decay constant of 238U = 1.55125 x 10-10/a 
λ230 is the decay constant of 230Th = 0.922 x 10-5/a 
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Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
Grasberg 1 0.00053 ± 0.00002 0.00053 ± 0.00002 0.00055 ± 0.00791 3.52 ± 0.12 528 802   
  0.00061 ± 0.00003 0.00053 ± 0.00003 0.00054 ± 0.00966 3.51 ± 0.16 173 287   
  0.00056 ± 0.00003 0.00054 ± 0.00003 0.00055 ± 0.01463 3.56 ± 0.20 150 206   
  0.00052 ± 0.00002 0.00048 ± 0.00003 0.00050 ± 0.00622 3.20 ± 0.16 249 312   
  0.00065 ± 0.00005 0.00052 ± 0.00004 0.00053 ± 0.00831 3.41 ± 0.24 220 215   
  0.00052 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.00962 3.16 ± 0.11 298 524   
  0.00059 ± 0.00002 0.00052 ± 0.00002 0.00053 ± 0.00905 3.42 ± 0.11 483 740   
  0.00059 ± 0.00005 0.00058 ± 0.00005 0.00059 ± 0.00667 3.80 ± 0.32 47 110   
  0.00057 ± 0.00003 0.00057 ± 0.00003 0.00058 ± 0.00348 3.77 ± 0.21 83 184   
  0.00078 ± 0.00009 0.00061 ± 0.00007 0.00062 ± 0.00536 4.03 ± 0.44 61 135 
outlier-
rejected 
  0.00054 ± 0.00004 0.00051 ± 0.00004 0.00053 ± 0.00571 3.40 ± 0.28 112 188   
  0.00055 ± 0.00003 0.00054 ± 0.00004 0.00055 ± 0.00350 3.54 ± 0.22 82 155   
  0.00055 ± 0.00003 0.00050 ± 0.00003 0.00052 ± 0.00688 3.33 ± 0.17 195 263   
  0.00051 ± 0.00002 0.00049 ± 0.00002 0.00050 ± 0.02426 3.25 ± 0.10 554 731   
  0.61180 ± 0.00380 0.60580 ± 0.00580 0.60581 ± 0.01302 3053 ± 23 121 219 
inherited/ 
mixed age 
  0.03998 ± 0.00063 0.03976 ± 0.00066 0.03977 ± 0.04570 251 ± 4 107 117 
inherited/ 
mixed age 
          
Grasberg 2 0.00051 ± 0.00004 0.00050 ± 0.00004 0.00051 ± 0.00581 3.28 ± 0.24 112 176   
  0.00054 ± 0.00003 0.00051 ± 0.00003 0.00052 ± 0.10138 3.33 ± 0.22 254 197   
  0.00060 ± 0.00004 0.00046 ± 0.00005 0.00048 ± 0.02083 3.06 ± 0.30 140 152   
  0.00056 ± 0.00003 0.00048 ± 0.00003 0.00049 ± 0.02474 3.18 ± 0.22 293 246   
  0.00051 ± 0.00004 0.00046 ± 0.00004 0.00047 ± 0.03522 3.03 ± 0.26 142 138   
  0.00049 ± 0.00002 0.00046 ± 0.00003 0.00047 ± 0.00713 3.06 ± 0.16 130 243   
  0.00050 ± 0.00003 0.00047 ± 0.00004 0.00049 ± 0.01163 3.13 ± 0.23 64 91   
  0.00118 ± 0.00014 0.00056 ± 0.00006 0.00057 ± 0.01445 3.70 ± 0.35 109 204 discordant 
  0.04985 ± 0.00036 0.04981 ± 0.00037 0.04982 ± 0.02962 313 ± 2 178 209 
inherited/ 
mixed age 
  0.04540 ± 0.00190 0.04530 ± 0.00200 0.04531 ± 0.01478 285 ± 12 101 168 
inherited/ 
mixed age 
  0.01140 ± 0.00280 0.01130 ± 0.00280 0.01131 ± 0.02017 72 ± 18 129 170 
inherited/ 
mixed age 
  0.04488 ± 0.00030 0.04474 ± 0.00032 0.04475 ± 0.00552 282 ± 2 100 227 
inherited/ 
mixed age 
            
Grasberg 4 0.00049 ± 0.00001 0.00048 ± 0.00002 0.00049 ± 0.00351 3.19 ± 0.10 365 842   
  0.00050 ± 0.00005 0.00047 ± 0.00006 0.00049 ± 0.00421 3.15 ± 0.36 56 80   
  0.00054 ± 0.00002 0.00053 ± 0.00002 0.00054 ± 0.00280 3.49 ± 0.13 307 622   
  0.00054 ± 0.00003 0.00052 ± 0.00003 0.00054 ± 0.00363 3.47 ± 0.21 139 241   
  0.00056 ± 0.00002 0.00055 ± 0.00002 0.00056 ± 0.00234 3.61 ± 0.14 185 530   
  0.00047 ± 0.00003 0.00045 ± 0.00003 0.00046 ± 0.01220 2.99 ± 0.18 264 250   
  0.00049 ± 0.00003 0.00048 ± 0.00004 0.00049 ± 0.00335 3.16 ± 0.25 100 165   
  0.00050 ± 0.00005 0.00046 ± 0.00006 0.00048 ± 0.00314 3.09 ± 0.37 50 86   
  0.00045 ± 0.00003 0.00043 ± 0.00003 0.00045 ± 0.00420 2.87 ± 0.19 167 249   
  0.00044 ± 0.00004 0.00042 ± 0.00004 0.00044 ± 0.00388 2.83 ± 0.28 57 99   
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Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
  0.00072 ± 0.00008 0.00058 ± 0.00009 0.00059 ± 0.00354 3.83 ± 0.56 55 84   
  0.03190 ± 0.00290 0.03180 ± 0.00290 0.03182 ± 0.00666 201 ± 18 179 327 
inherited/ 
mixed age 
  0.00800 ± 0.00140 0.00800 ± 0.00140 0.00802 ± 0.00198 51 ± 9 69 585 
inherited/ 
mixed age 
  0.03710 ± 0.00110 0.03700 ± 0.00110 0.03702 ± 0.00320 234 ± 7 137 548 
inherited/ 
mixed age 
          
Grasberg 5 0.00054 ± 0.00002 0.00054 ± 0.00003 0.00055 ± 0.00646 3.56 ± 0.16 214 472   
  0.00056 ± 0.00003 0.00053 ± 0.00003 0.00054 ± 0.00380 3.51 ± 0.22 99 189   
  0.00052 ± 0.00003 0.00050 ± 0.00004 0.00051 ± 0.00297 3.30 ± 0.25 65 135   
  0.00055 ± 0.00001 0.00053 ± 0.00001 0.00055 ± 0.00698 3.53 ± 0.09 554 784   
  0.00055 ± 0.00002 0.00055 ± 0.00003 0.00056 ± 0.00865 3.62 ± 0.16 279 505   
  0.00057 ± 0.00003 0.00055 ± 0.00003 0.00057 ± 0.00696 3.64 ± 0.21 232 243 
  0.00059 ± 0.00003 0.00055 ± 0.00002 0.00056 ± 0.00798 3.62 ± 0.15 206 286   
  0.00052 ± 0.00003 0.00051 ± 0.00003 0.00052 ± 0.00440 3.36 ± 0.18 142 405   
  0.00053 ± 0.00004 0.00050 ± 0.00004 0.00051 ± 0.01031 3.29 ± 0.26 86 189   
  0.00056 ± 0.00003 0.00055 ± 0.00003 0.00056 ± 0.00566 3.62 ± 0.21 107 184   
  0.00109 ± 0.00021 0.00054 ± 0.00005 0.00056 ± 0.00508 3.60 ± 0.29 126 187 discordant 
  0.00061 ± 0.00004 0.00058 ± 0.00004 0.00059 ± 0.00310 3.81 ± 0.27 196 443   
  0.00098 ± 0.00010 0.00055 ± 0.00006 0.00057 ± 0.00645 3.66 ± 0.37 108 166 discordant 
  0.00053 ± 0.00002 0.00050 ± 0.00002 0.00052 ± 0.00447 3.34 ± 0.13 227 627   
  0.00054 ± 0.00003 0.00051 ± 0.00003 0.00053 ± 0.00603 3.38 ± 0.16 195 272   
  0.00054 ± 0.00003 0.00051 ± 0.00003 0.00053 ± 0.00695 3.41 ± 0.22 153 234   
  0.00070 ± 0.00009 0.00066 ± 0.00009 0.00067 ± 0.01207 4.34 ± 0.59 156 217 
outlier-
rejected 
  0.00077 ± 0.00010 0.00058 ± 0.00005 0.00060 ± 0.02228 3.86 ± 0.35 140 196   
  0.00105 ± 0.00029 0.00102 ± 0.00029 0.00104 ± 0.01039 6.70 ± 1.80 120 336 
outlier-
rejected 
  0.00055 ± 0.00003 0.00051 ± 0.00004 0.00053 ± 0.00457 3.39 ± 0.26 124 204   
  0.00052 ± 0.00002 0.00052 ± 0.00002 0.00053 ± 0.00409 3.42 ± 0.14 294 606   
  0.00059 ± 0.00004 0.00050 ± 0.00004 0.00052 ± 0.00372 3.34 ± 0.26 117 197   
  0.00057 ± 0.00003 0.00053 ± 0.00004 0.00054 ± 0.00572 3.50 ± 0.24 157 233   
  0.11800 ± 0.01300 0.10200 ± 0.01100 0.10202 ± 0.01172 628 ± 66 153 470 
inherited/ 
mixed age 
  0.01143 ± 0.00034 0.01113 ± 0.00033 0.01115 ± 0.01032 71 ± 2 125 275 
inherited/ 
mixed age 
  0.03090 ± 0.00660 0.02850 ± 0.00610 0.02852 ± 0.00696 179 ± 38 250 683 
inherited/ 
mixed age 
  0.31040 ± 0.00120 0.30690 ± 0.00140 0.30692 ± 0.00449 1725 ± 7 136 331 
inherited/ 
mixed age 
  0.04917 ± 0.00030 0.04904 ± 0.00032 0.04906 ± 0.00350 309 ± 2 180 343 
inherited/ 
mixed age 
  0.03510 ± 0.00120 0.03470 ± 0.00130 0.03472 ± 0.00544 221 ± 8 210 500 
inherited/ 
mixed age 
  0.22500 ± 0.01900 0.21900 ± 0.01900 0.21902 ± 0.01939 1260 ± 110 83 329 
inherited/ 
mixed age 
  0.00370 ± 0.00130 0.00300 ± 0.00130 0.00302 ± 0.01077 19 ± 8 64 120 
inherited/ 
mixed age 
  0.08900 ± 0.01300 0.08200 ± 0.01200 0.08201 ± 0.02789 511 ± 72 158 161 
inherited/ 
mixed age 
  0.00480 ± 0.00120 0.00490 ± 0.00130 0.00492 ± 0.00411 31 ± 8 99 197 
inherited/ 
mixed age 
  0.03210 ± 0.00100 0.03180 ± 0.00100 0.03182 ± 0.00438 202 ± 6 67 169 
inherited/ 
mixed age 
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Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
          
Grasberg 7 0.00052 ± 0.00001 0.00050 ± 0.00001 0.00051 ± 0.00512 3.30 ± 0.09 374 580   
  0.00053 ± 0.00002 0.00051 ± 0.00002 0.00053 ± 0.00940 3.39 ± 0.11 872 466   
  0.00060 ± 0.00004 0.00056 ± 0.00005 0.00058 ± 0.00419 3.72 ± 0.30 85 141   
  0.00055 ± 0.00001 0.00054 ± 0.00002 0.00055 ± 0.00199 3.55 ± 0.10 273 640   
  0.00055 ± 0.00002 0.00053 ± 0.00002 0.00054 ± 0.00236 3.49 ± 0.11 395 766   
  0.00282 ± 0.00077 0.00087 ± 0.00015 0.00089 ± 0.00490 5.68 ± 0.97 37 62 discordant 
  0.00144 ± 0.00019 0.00057 ± 0.00003 0.00058 ± 0.00572 3.73 ± 0.21 1307 1108 discordant 
  0.00339 ± 0.00049 0.00083 ± 0.00009 0.00085 ± 0.00536 5.47 ± 0.60 769 880 discordant 
  0.04955 ± 0.00039 0.04952 ± 0.00040 0.04954 ± 0.00256 312 ± 2 47 263 
inherited/ 
mixed age 
  0.05075 ± 0.00061 0.04960 ± 0.00044 0.04962 ± 0.00187 312 ± 3 58 147 
inherited/ 
mixed age 
          
Grasberg 
10 0.00051 ± 0.00002 0.00049 ± 0.00002 0.00051 ± 0.01013 3.29 ± 0.13 361 595   
  0.00054 ± 0.00003 0.00052 ± 0.00003 0.00054 ± 0.00399 3.47 ± 0.20 240 499   
  0.00052 ± 0.00003 0.00049 ± 0.00003 0.00051 ± 0.01236 3.26 ± 0.20 223 294   
  0.00053 ± 0.00002 0.00052 ± 0.00002 0.00054 ± 0.00562 3.45 ± 0.12 283 794   
  0.00057 ± 0.00004 0.00050 ± 0.00004 0.00051 ± 0.00432 3.30 ± 0.28 91 156   
  0.00055 ± 0.00003 0.00054 ± 0.00004 0.00055 ± 0.00594 3.56 ± 0.23 161 238   
  0.00057 ± 0.00005 0.00047 ± 0.00005 0.00049 ± 0.00867 3.13 ± 0.32 78 142   
  0.00054 ± 0.00003 0.00053 ± 0.00003 0.00054 ± 0.00505 3.48 ± 0.19 215 313   
  0.00054 ± 0.00003 0.00049 ± 0.00004 0.00051 ± 0.00517 3.27 ± 0.22 133 204   
  0.00060 ± 0.00004 0.00052 ± 0.00005 0.00053 ± 0.00454 3.45 ± 0.32 120 190   
  0.00050 ± 0.00003 0.00049 ± 0.00003 0.00050 ± 0.01602 3.25 ± 0.17 229 307   
  0.00060 ± 0.00005 0.00052 ± 0.00004 0.00053 ± 0.00622 3.42 ± 0.26 166 249   
  0.00058 ± 0.00004 0.00057 ± 0.00003 0.00059 ± 0.00532 3.77 ± 0.21 106 193 
outlier-
rejected 
  0.00054 ± 0.00001 0.00054 ± 0.00002 0.00055 ± 0.00826 3.54 ± 0.10 1246 1094   
  0.00054 ± 0.00003 0.00053 ± 0.00003 0.00054 ± 0.01380 3.50 ± 0.19 245 341   
  0.00052 ± 0.00003 0.00050 ± 0.00003 0.00052 ± 0.01389 3.34 ± 0.22 162 226   
  0.00053 ± 0.00002 0.00052 ± 0.00002 0.00053 ± 0.01057 3.42 ± 0.14 840 580   
  0.00056 ± 0.00004 0.00056 ± 0.00005 0.00058 ± 0.00453 3.71 ± 0.32 85 152   
  0.00053 ± 0.00003 0.00052 ± 0.00003 0.00053 ± 0.01574 3.45 ± 0.19 162 286   
  0.00056 ± 0.00002 0.00055 ± 0.00002 0.00056 ± 0.01911 3.59 ± 0.11 1468 689   
  0.00059 ± 0.00004 0.00050 ± 0.00003 0.00052 ± 0.01058 3.32 ± 0.22 119 225   
  0.00051 ± 0.00003 0.00050 ± 0.00003 0.00051 ± 0.00738 3.30 ± 0.19 176 238   
  0.00063 ± 0.00005 0.00057 ± 0.00005 0.00058 ± 0.01179 3.75 ± 0.33 86 145   
  0.00054 ± 0.00002 0.00050 ± 0.00002 0.00051 ± 0.00903 3.29 ± 0.15 302 696   
  0.00113 ± 0.00014 0.00058 ± 0.00004 0.00059 ± 0.00605 3.81 ± 0.25 501 771 discordant 
  0.16900 ± 0.02600 0.15800 ± 0.02500 0.15802 ± 0.02569 920 ± 140 107 260 
inherited/ 
mixed age 
  0.03600 ± 0.01100 0.03150 ± 0.00950 0.03152 ± 0.01465 196 ± 58 218 521 
inherited/ 
mixed age 
  0.01840 ± 0.00340 0.01770 ± 0.00330 0.01772 ± 0.00340 113 ± 21 16 311 
inherited/ 
mixed age 
  Appendix C 
207 
Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
  0.02860 ± 0.00510 0.02540 ± 0.00470 0.02541 ± 0.00865 161 ± 30 119 171 
inherited/ 
mixed age 
          
Grasberg 
11 0.00047 ± 0.00002 0.00044 ± 0.00002 0.00046 ± 0.00587 2.95 ± 0.16 230 326   
  0.00051 ± 0.00003 0.00047 ± 0.00003 0.00049 ± 0.01114 3.14 ± 0.21 114 143   
  0.00046 ± 0.00003 0.00046 ± 0.00003 0.00048 ± 0.01406 3.07 ± 0.20 217 262   
  0.00045 ± 0.00003 0.00043 ± 0.00003 0.00044 ± 0.00855 2.84 ± 0.19 170 258   
  0.00046 ± 0.00003 0.00045 ± 0.00003 0.00046 ± 0.00512 2.96 ± 0.19 139 218 
  0.00048 ± 0.00003 0.00046 ± 0.00003 0.00047 ± 0.03519 3.02 ± 0.20 174 155 
  0.00045 ± 0.00003 0.00043 ± 0.00003 0.00045 ± 0.00485 2.88 ± 0.22 116 186   
  0.00049 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.00475 3.19 ± 0.16 162 259   
  0.00046 ± 0.00002 0.00045 ± 0.00002 0.00046 ± 0.01433 2.95 ± 0.15 313 326   
  0.00070 ± 0.00014 0.00053 ± 0.00014 0.00054 ± 0.00498 3.49 ± 0.93 92 160 discordant 
  0.00047 ± 0.00002 0.00045 ± 0.00003 0.00046 ± 0.00642 2.95 ± 0.17 236 310   
  0.00047 ± 0.00003 0.00043 ± 0.00003 0.00044 ± 0.01232 2.87 ± 0.17 110 190   
  0.00050 ± 0.00003 0.00049 ± 0.00003 0.00050 ± 0.00862 3.21 ± 0.22 130 173   
  0.00051 ± 0.00002 0.00051 ± 0.00002 0.00053 ± 0.00424 3.39 ± 0.15 138 446 
outlier-
rejected 
  0.00049 ± 0.00003 0.00047 ± 0.00003 0.00049 ± 0.02085 3.13 ± 0.18 252 405   
  0.00047 ± 0.00003 0.00045 ± 0.00003 0.00046 ± 0.01145 2.98 ± 0.18 179 241   
  0.00049 ± 0.00004 0.00046 ± 0.00004 0.00048 ± 0.00411 3.07 ± 0.24 84 159   
  0.00049 ± 0.00003 0.00047 ± 0.00003 0.00049 ± 0.00923 3.13 ± 0.18 249 287   
  0.00045 ± 0.00002 0.00045 ± 0.00003 0.00046 ± 0.00814 2.98 ± 0.16 148 244   
  0.00051 ± 0.00002 0.00047 ± 0.00003 0.00048 ± 0.00777 3.13 ± 0.17 430 420   
  0.00044 ± 0.00003 0.00043 ± 0.00003 0.00044 ± 0.01938 2.85 ± 0.19 151 204   
  0.00046 ± 0.00003 0.00044 ± 0.00003 0.00046 ± 0.00806 2.94 ± 0.21 168 238   
  0.00045 ± 0.00002 0.00044 ± 0.00003 0.00045 ± 0.00735 2.91 ± 0.16 182 278   
  0.00047 ± 0.00003 0.00046 ± 0.00003 0.00047 ± 0.00474 3.03 ± 0.19 122 207   
  0.00051 ± 0.00002 0.00052 ± 0.00002 0.00053 ± 0.00349 3.44 ± 0.13 127 368 
outlier-
rejected 
  0.00052 ± 0.00004 0.00050 ± 0.00005 0.00051 ± 0.00447 3.28 ± 0.29 80 160   
  0.00047 ± 0.00003 0.00045 ± 0.00004 0.00047 ± 0.00611 3.01 ± 0.24 117 204   
  0.00050 ± 0.00003 0.00048 ± 0.00003 0.00050 ± 0.00999 3.21 ± 0.17 161 246   
  0.00048 ± 0.00004 0.00045 ± 0.00004 0.00046 ± 0.00503 2.97 ± 0.28 84 167   
  0.00046 ± 0.00003 0.00045 ± 0.00003 0.00046 ± 0.00713 2.99 ± 0.22 118 200   
  0.00046 ± 0.00001 0.00045 ± 0.00001 0.00046 ± 0.02488 2.98 ± 0.09 1950 1153   
  0.00048 ± 0.00003 0.00045 ± 0.00003 0.00046 ± 0.00557 2.97 ± 0.20 183 234   
  0.00046 ± 0.00003 0.00044 ± 0.00003 0.00046 ± 0.00462 2.95 ± 0.20 157 239   
  0.00043 ± 0.00003 0.00041 ± 0.00003 0.00043 ± 0.00784 2.75 ± 0.17 178 220   
  0.00052 ± 0.00007 0.00047 ± 0.00005 0.00048 ± 0.01419 3.13 ± 0.30 87 140 discordant 
  0.00127 ± 0.00056 0.00053 ± 0.00009 0.00054 ± 0.01017 3.51 ± 0.60 51 108 discordant 
  0.00128 ± 0.00019 0.00057 ± 0.00006 0.00059 ± 0.00823 3.77 ± 0.36 95 173 discordant 
  0.04083 ± 0.00059 0.04073 ± 0.00062 0.04074 ± 0.05353 257 ± 4 161 162 
inherited/ 
mixed age 
Appendix C 
208 
Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
  0.01600 ± 0.00720 0.00360 ± 0.00170 0.00361 ± 0.01226 23 ± 11 69 98 
inherited/ 
mixed age 
  0.01240 ± 0.00120 0.01130 ± 0.00110 0.01131 ± 0.01201 73 ± 7 73 155 
inherited/ 
mixed age 
  0.20920 ± 0.00490 0.20130 ± 0.00510 0.20132 ± 0.01300 1182 ± 27 95 292 
inherited/ 
mixed age 
  0.03725 ± 0.00038 0.03716 ± 0.00038 0.03717 ± 0.00940 235 ± 2 190 254 
inherited/ 
mixed age 
Grasberg 
11 (tape 
mount) 0.00054 ± 0.00004 0.00048 ± 0.00004 0.00049 ± 0.00935 3.18 ± 0.28 88 114   
  0.00045 ± 0.00003 0.00044 ± 0.00003 0.00046 ± 0.00931 2.95 ± 0.19 131 188   
  0.00085 ± 0.00007 0.00051 ± 0.00006 0.00052 ± 0.01049 3.36 ± 0.41 86 140 discordant 
  0.00055 ± 0.00003 0.00043 ± 0.00004 0.00044 ± 0.02678 2.86 ± 0.23 79 146 discordant 
          
Grasberg 
12 0.00048 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.01917 3.16 ± 0.14 409 293 
  0.00051 ± 0.00002 0.00049 ± 0.00002 0.00051 ± 0.00453 3.28 ± 0.12 206 457 
  0.00050 ± 0.00004 0.00047 ± 0.00004 0.00048 ± 0.00576 3.12 ± 0.28 54 94 
  0.00077 ± 0.00013 0.00073 ± 0.00011 0.00074 ± 0.00589 4.81 ± 0.69 405 702 
outlier-
rejected 
  0.00049 ± 0.00003 0.00048 ± 0.00003 0.00049 ± 0.01445 3.17 ± 0.19 182 171   
  0.00051 ± 0.00004 0.00049 ± 0.00004 0.00050 ± 0.01825 3.22 ± 0.23 70 103   
  0.00052 ± 0.00004 0.00046 ± 0.00005 0.00047 ± 0.00532 3.06 ± 0.29 65 105   
  0.00050 ± 0.00001 0.00049 ± 0.00001 0.00050 ± 0.00493 3.25 ± 0.09 519 1110   
  0.00051 ± 0.00003 0.00048 ± 0.00003 0.00049 ± 0.00882 3.18 ± 0.21 231 258   
  0.00057 ± 0.00004 0.00053 ± 0.00004 0.00054 ± 0.01807 3.50 ± 0.25 150 152   
  0.00072 ± 0.00010 0.00047 ± 0.00005 0.00049 ± 0.00635 3.15 ± 0.34 60 111 discordant 
  0.00052 ± 0.00002 0.00051 ± 0.00002 0.00052 ± 0.00702 3.37 ± 0.14 192 360   
  0.00052 ± 0.00006 0.00049 ± 0.00006 0.00051 ± 0.01012 3.26 ± 0.41 71 124   
  0.00049 ± 0.00002 0.00047 ± 0.00003 0.00048 ± 0.01956 3.11 ± 0.17 231 241   
  0.00058 ± 0.00003 0.00051 ± 0.00002 0.00052 ± 0.00446 3.36 ± 0.15 218 486   
  0.00052 ± 0.00005 0.00048 ± 0.00005 0.00050 ± 0.00697 3.21 ± 0.31 45 74   
  0.00052 ± 0.00004 0.00049 ± 0.00004 0.00050 ± 0.00533 3.23 ± 0.27 66 112   
  0.00072 ± 0.00006 0.00047 ± 0.00005 0.00049 ± 0.00786 3.14 ± 0.32 60 102 discordant 
  0.00107 ± 0.00016 0.00051 ± 0.00006 0.00052 ± 0.01557 3.38 ± 0.40 115 178 discordant 
  0.00141 ± 0.00012 0.00058 ± 0.00008 0.00059 ± 0.01406 3.81 ± 0.54 81 111 discordant 
  0.00155 ± 0.00033 0.00057 ± 0.00007 0.00059 ± 0.01484 3.78 ± 0.47 168 189 discordant 
  0.04483 ± 0.00028 0.04449 ± 0.00032 0.04450 ± 0.00937 281 ± 2 135 253 
inherited/ 
mixed age 
  0.03373 ± 0.00044 0.03367 ± 0.00045 0.03368 ± 0.00722 213 ± 3 98 169 
inherited/ 
mixed age 
  0.00320 ± 0.00140 0.00290 ± 0.00120 0.00292 ± 0.00423 18 ± 8 108 367 
inherited/ 
mixed age 
  0.03920 ± 0.00630 0.03760 ± 0.00600 0.03761 ± 0.01062 236 ± 37 119 217 
inherited/ 
mixed age 
  0.02960 ± 0.00290 0.02780 ± 0.00270 0.02781 ± 0.01324 176 ± 17 205 505 
inherited/ 
mixed age 
  0.01180 ± 0.00230 0.01160 ± 0.00230 0.01161 ± 0.01362 74 ± 15 120 205 
inherited/ 
mixed age 
  0.42570 ± 0.00320 0.42190 ± 0.00450 0.42191 ± 0.05398 2269 ± 20 711 378 
inherited/ 
mixed age 
  0.03640 ± 0.00280 0.03620 ± 0.00280 0.03621 ± 0.01507 229 ± 18 150 281 
inherited/ 
mixed age 
  0.00270 ± 0.00010 0.00251 ± 0.00010 0.00253 ± 0.01312 16 ± 1 365 428 
inherited/ 
mixed age 
  Appendix C 
209 
Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
          
Grasberg 
14 0.00048 ± 0.00003 0.00047 ± 0.00003 0.00048 ± 0.00508 3.11 ± 0.21 108 176   
  0.00050 ± 0.00002 0.00049 ± 0.00002 0.00051 ± 0.00220 3.27 ± 0.14 110 540   
  0.00049 ± 0.00001 0.00049 ± 0.00001 0.00050 ± 0.00509 3.24 ± 0.07 440 937   
  0.00049 ± 0.00002 0.00046 ± 0.00002 0.00048 ± 0.00347 3.09 ± 0.11 231 654   
  0.00050 ± 0.00002 0.00049 ± 0.00002 0.00050 ± 0.00990 3.24 ± 0.14 291 273   
  0.00053 ± 0.00005 0.00045 ± 0.00004 0.00047 ± 0.00855 3.00 ± 0.28 67 110   
  0.00048 ± 0.00004 0.00048 ± 0.00005 0.00049 ± 0.00640 3.18 ± 0.31 72 98   
  0.00052 ± 0.00003 0.00048 ± 0.00004 0.00049 ± 0.00684 3.19 ± 0.24 74 103   
  0.00092 ± 0.00013 0.00071 ± 0.00013 0.00072 ± 0.01358 4.66 ± 0.81 80 132 discordant 
  0.31670 ± 0.00250 0.31530 ± 0.00280 0.31531 ± 0.00645 1769 ± 14 223 411 
inherited/ 
mixed age 
          
Grasberg 
15 0.00056 ± 0.00001 0.00056 ± 0.00001 0.00057 ± 0.00124 3.70 ± 0.07 67 952   
  0.00056 ± 0.00001 0.00056 ± 0.00001 0.00057 ± 0.01617 3.68 ± 0.09 544 577   
  0.00060 ± 0.00004 0.00055 ± 0.00004 0.00056 ± 0.01048 3.62 ± 0.28 57 89   
  0.00054 ± 0.00004 0.00052 ± 0.00004 0.00053 ± 0.01292 3.42 ± 0.24 97 122   
  0.00058 ± 0.00002 0.00057 ± 0.00002 0.00059 ± 0.00909 3.78 ± 0.15 120 218   
  0.00054 ± 0.00003 0.00053 ± 0.00004 0.00055 ± 0.01173 3.53 ± 0.26 92 123   
  0.00052 ± 0.00002 0.00051 ± 0.00002 0.00053 ± 0.02235 3.39 ± 0.16 425 309   
  0.00053 ± 0.00004 0.00050 ± 0.00004 0.00052 ± 0.01166 3.34 ± 0.28 57 84   
  0.00060 ± 0.00005 0.00054 ± 0.00005 0.00056 ± 0.01040 3.60 ± 0.33 58 93   
  0.00051 ± 0.00003 0.00049 ± 0.00004 0.00050 ± 0.01309 3.22 ± 0.26 112 132   
  0.00051 ± 0.00003 0.00050 ± 0.00004 0.00051 ± 0.01073 3.30 ± 0.25 101 144   
  0.00054 ± 0.00003 0.00052 ± 0.00004 0.00053 ± 0.01912 3.42 ± 0.23 112 157   
  0.00062 ± 0.00004 0.00056 ± 0.00004 0.00058 ± 0.01175 3.73 ± 0.27 60 109   
  0.00054 ± 0.00003 0.00054 ± 0.00003 0.00055 ± 0.02087 3.54 ± 0.19 314 236   
  0.00062 ± 0.00004 0.00060 ± 0.00004 0.00061 ± 0.01198 3.95 ± 0.27 225 375 
outlier-
rejected 
  0.00052 ± 0.00002 0.00051 ± 0.00002 0.00052 ± 0.02864 3.35 ± 0.14 813 444   
  0.00062 ± 0.00004 0.00054 ± 0.00004 0.00056 ± 0.01373 3.59 ± 0.24 170 190   
  0.00053 ± 0.00003 0.00051 ± 0.00003 0.00053 ± 0.01369 3.40 ± 0.20 154 203   
  0.00074 ± 0.00013 0.00056 ± 0.00004 0.00058 ± 0.00910 3.72 ± 0.24 79 136 discordant 
  0.00073 ± 0.00004 0.00051 ± 0.00003 0.00052 ± 0.02778 3.37 ± 0.19 486 393   
  0.03525 ± 0.00029 0.03479 ± 0.00032 0.03480 ± 0.01101 220 ± 2 208 289 
inherited/ 
mixed age 
  0.04638 ± 0.00031 0.04597 ± 0.00033 0.04598 ± 0.01410 290 ± 2 190 229 
inherited/ 
mixed age 
  0.05070 ± 0.00031 0.05063 ± 0.00032 0.05065 ± 0.00821 318 ± 2 261 488 
inherited/ 
mixed age 
  0.03880 ± 0.00100 0.03870 ± 0.00100 0.03871 ± 0.01933 245 ± 6 227 256 
inherited/ 
mixed age 
  0.01220 ± 0.00390 0.01180 ± 0.00380 0.01181 ± 0.01681 75 ± 24 97 120 
inherited/ 
mixed age 
  0.48100 ± 0.00200 0.48100 ± 0.00200 0.48101 ± 0.01593 2532 ± 9 110 110 
inherited/ 
mixed age 
  0.05840 ± 0.00970 0.05360 ± 0.00890 0.05361 ± 0.04160 333 ± 54 39 41 
inherited/ 
mixed age 
  0.04406 ± 0.00051 0.04185 ± 0.00032 0.04186 ± 0.02145 264 ± 2 133 188 
inherited/ 
mixed age 
Appendix C 
210 
Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
  0.25570 ± 0.00150 0.25530 ± 0.00170 0.25532 ± 0.00828 1466 ± 9 165 447 
inherited/ 
mixed age 
  0.43080 ± 0.00190 0.42890 ± 0.00260 0.42891 ± 0.01629 2301 ± 12 211 228 
inherited/ 
mixed age 
          
Grasberg 
16 0.00054 ± 0.00004 0.00052 ± 0.00004 0.00053 ± 0.02352 3.44 ± 0.28 129 131   
  0.00063 ± 0.00004 0.00058 ± 0.00004 0.00060 ± 0.02086 3.85 ± 0.24 174 224   
  0.00055 ± 0.00004 0.00051 ± 0.00004 0.00053 ± 0.00899 3.39 ± 0.24 91 119   
  0.00082 ± 0.00004 0.00077 ± 0.00004 0.00078 ± 0.02131 5.02 ± 0.25 574 426 
outlier-
rejected 
  0.00054 ± 0.00003 0.00053 ± 0.00004 0.00054 ± 0.01108 3.51 ± 0.23 259 269   
  0.00057 ± 0.00004 0.00053 ± 0.00005 0.00054 ± 0.00661 3.50 ± 0.32 63 107   
  0.00052 ± 0.00001 0.00050 ± 0.00001 0.00051 ± 0.04308 3.27 ± 0.10 3770 1346   
  0.00052 ± 0.00002 0.00051 ± 0.00002 0.00052 ± 0.00956 3.37 ± 0.11 287 543   
  0.00054 ± 0.00005 0.00053 ± 0.00006 0.00054 ± 0.00940 3.49 ± 0.37 53 79   
  0.00054 ± 0.00003 0.00053 ± 0.00004 0.00054 ± 0.01590 3.49 ± 0.25 108 133   
  0.00051 ± 0.00004 0.00046 ± 0.00004 0.00047 ± 0.01019 3.04 ± 0.28 97 105   
  0.00053 ± 0.00002 0.00052 ± 0.00003 0.00053 ± 0.02106 3.42 ± 0.18 559 338   
  0.00052 ± 0.00004 0.00046 ± 0.00004 0.00047 ± 0.00846 3.06 ± 0.26 75 103   
  0.00056 ± 0.00006 0.00054 ± 0.00006 0.00055 ± 0.00734 3.55 ± 0.37 62 86   
  0.00052 ± 0.00004 0.00049 ± 0.00004 0.00050 ± 0.01543 3.26 ± 0.26 108 127   
  0.38060 ± 0.00310 0.37190 ± 0.00280 0.37192 ± 0.00332 2038 ± 13 43 294 
inherited/ 
mixed age 
  0.41360 ± 0.00520 0.41140 ± 0.00570 0.41141 ± 0.01971 2220 ± 26 59 93 
inherited/ 
mixed age 
  0.05100 ± 0.00037 0.05096 ± 0.00039 0.05097 ± 0.00770 320 ± 2 124 179 
inherited/ 
mixed age 
  0.00378 ± 0.00089 0.00355 ± 0.00084 0.00356 ± 0.02726 23 ± 5 180 188 
inherited/ 
mixed age 
  0.00419 ± 0.00070 0.00355 ± 0.00067 0.00356 ± 0.01689 23 ± 4 158 191 
inherited/ 
mixed age 
          
Grasberg 
17 0.00058 ± 0.00003 0.00049 ± 0.00003 0.00050 ± 0.00626 3.23 ± 0.20 145 165   
  0.00063 ± 0.00003 0.00059 ± 0.00003 0.00060 ± 0.00573 3.88 ± 0.21 219 283   
  0.00056 ± 0.00003 0.00054 ± 0.00003 0.00055 ± 0.00571 3.55 ± 0.21 90 127   
  0.00051 ± 0.00002 0.00049 ± 0.00003 0.00051 ± 0.00483 3.26 ± 0.17 157 221   
  0.00052 ± 0.00003 0.00051 ± 0.00003 0.00053 ± 0.00734 3.40 ± 0.19 104 142   
  0.00055 ± 0.00003 0.00052 ± 0.00003 0.00054 ± 0.00612 3.48 ± 0.17 162 225   
  0.00057 ± 0.00003 0.00056 ± 0.00003 0.00058 ± 0.01334 3.73 ± 0.21 112 149   
  0.00054 ± 0.00002 0.00053 ± 0.00002 0.00055 ± 0.01227 3.52 ± 0.15 376 358   
  0.00085 ± 0.00011 0.00058 ± 0.00006 0.00060 ± 0.01260 3.85 ± 0.37 133 147 discordant 
  0.00060 ± 0.00004 0.00052 ± 0.00004 0.00054 ± 0.00633 3.45 ± 0.27 211 254   
  0.00054 ± 0.00003 0.00051 ± 0.00003 0.00052 ± 0.00746 3.36 ± 0.17 355 405   
  0.00086 ± 0.00008 0.00083 ± 0.00008 0.00085 ± 0.00438 5.47 ± 0.51 87 165 
outlier-
rejected 
  0.00055 ± 0.00004 0.00049 ± 0.00004 0.00051 ± 0.00495 3.28 ± 0.22 133 195   
  0.00061 ± 0.00006 0.00052 ± 0.00005 0.00053 ± 0.00367 3.42 ± 0.34 86 162   
  0.00059 ± 0.00003 0.00059 ± 0.00003 0.00060 ± 0.01555 3.89 ± 0.19 353 285   
  0.00052 ± 0.00002 0.00053 ± 0.00002 0.00054 ± 0.00547 3.49 ± 0.14 308 393   
  Appendix C 
211 
Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
  0.00052 ± 0.00003 0.00053 ± 0.00003 0.00054 ± 0.00827 3.50 ± 0.19 169 232   
  0.00056 ± 0.00003 0.00053 ± 0.00003 0.00055 ± 0.00772 3.54 ± 0.17 266 374   
  0.00055 ± 0.00003 0.00054 ± 0.00003 0.00056 ± 0.01000 3.60 ± 0.21 452 465   
  0.00050 ± 0.00002 0.00049 ± 0.00002 0.00050 ± 0.01047 3.23 ± 0.12 844 879   
  0.41500 ± 0.00590 0.40570 ± 0.00690 0.40572 ± 0.00706 2194 ± 32 44 342 
inherited/ 
mixed age 
  0.04664 ± 0.00041 0.04671 ± 0.00050 0.04673 ± 0.00825 294 ± 3 53 66 
inherited/ 
mixed age 
  0.00205 ± 0.00015 0.00168 ± 0.00012 0.00169 ± 0.00777 11 ± 1 178 199 
inherited/ 
mixed age 
  0.10260 ± 0.00440 0.09290 ± 0.00430 0.09291 ± 0.00747 572 ± 25 276 312 
inherited/ 
mixed age 
  0.04490 ± 0.00290 0.04140 ± 0.00270 0.04142 ± 0.00778 261 ± 17 150 226 
inherited/ 
mixed age 
  0.04999 ± 0.00033 0.04994 ± 0.00034 0.04996 ± 0.00336 314 ± 2 105 222 
inherited/ 
mixed age 
  0.03790 ± 0.00880 0.03600 ± 0.00840 0.03602 ± 0.00940 225 ± 52 247 403 
inherited/ 
mixed age 
  0.03360 ± 0.00140 0.03340 ± 0.00150 0.03342 ± 0.00534 212 ± 9 79 136 
inherited/ 
mixed age 
  0.30080 ± 0.00170 0.29770 ± 0.00210 0.29772 ± 0.01022 1680 ± 11 536 990 
inherited/ 
mixed age 
  0.40500 ± 0.00200 0.40100 ± 0.00270 0.40102 ± 0.00288 2173 ± 13 248 1740 
inherited/ 
mixed age 
  0.00225 ± 0.00078 0.00220 ± 0.00077 0.00221 ± 0.02550 14 ± 5 216 209 
inherited/ 
mixed age 
  0.03770 ± 0.00100 0.03780 ± 0.00100 0.03782 ± 0.00459 239 ± 6 261 399 
inherited/ 
mixed age 
  0.00410 ± 0.00350 0.00260 ± 0.00260 0.00262 ± 0.00804 17 ± 16 242 350 
inherited/ 
mixed age 
  0.01027 ± 0.00023 0.00932 ± 0.00023 0.00934 ± 0.00695 60 ± 2 386 511 
inherited/ 
mixed age 
  0.00496 ± 0.00089 0.00441 ± 0.00079 0.00442 ± 0.00869 28 ± 5 320 303 
inherited/ 
mixed age 
  0.13700 ± 0.00120 0.13260 ± 0.00120 0.13262 ± 0.00291 803 ± 7 184 474 
inherited/ 
mixed age 
  0.08200 ± 0.00480 0.07380 ± 0.00450 0.07382 ± 0.00786 458 ± 27 177 322 
inherited/ 
mixed age 
  0.01340 ± 0.00200 0.01260 ± 0.00190 0.01261 ± 0.01032 80 ± 12 525 489 
inherited/ 
mixed age 
  0.03500 ± 0.00220 0.03200 ± 0.00200 0.03202 ± 0.00544 203 ± 13 207 348 
inherited/ 
mixed age 
  0.10490 ± 0.00440 0.09710 ± 0.00370 0.09712 ± 0.00797 597 ± 22 178 274 
inherited/ 
mixed age 
          
Grasberg 
18 0.00058 ± 0.00004 0.00057 ± 0.00005 0.00058 ± 0.00933 3.76 ± 0.30 79 117   
  0.00055 ± 0.00003 0.00054 ± 0.00003 0.00055 ± 0.02160 3.53 ± 0.19 227 304   
  0.00053 ± 0.00002 0.00053 ± 0.00002 0.00054 ± 0.01226 3.47 ± 0.14 322 404   
  0.00060 ± 0.00002 0.00057 ± 0.00002 0.00059 ± 0.02231 3.78 ± 0.14 359 555   
  0.00052 ± 0.00002 0.00048 ± 0.00002 0.00050 ± 0.01214 3.20 ± 0.14 320 465   
  0.00050 ± 0.00002 0.00049 ± 0.00002 0.00050 ± 0.01737 3.25 ± 0.11 528 565   
  0.00062 ± 0.00003 0.00055 ± 0.00004 0.00056 ± 0.01709 3.60 ± 0.24 214 225   
  0.00054 ± 0.00003 0.00052 ± 0.00003 0.00053 ± 0.01708 3.45 ± 0.20 194 205   
  0.00055 ± 0.00003 0.00052 ± 0.00003 0.00053 ± 0.02080 3.43 ± 0.20 261 252   
  0.00054 ± 0.00002 0.00054 ± 0.00003 0.00055 ± 0.02336 3.55 ± 0.16 259 297   
  0.00054 ± 0.00002 0.00051 ± 0.00002 0.00052 ± 0.00980 3.37 ± 0.14 333 449 
  0.00061 ± 0.00003 0.00058 ± 0.00004 0.00060 ± 0.01011 3.85 ± 0.24 176 276   
  0.00051 ± 0.00002 0.00050 ± 0.00002 0.00051 ± 0.01112 3.28 ± 0.12 333 404   
  0.00054 ± 0.00002 0.00052 ± 0.00002 0.00053 ± 0.01176 3.42 ± 0.15 180 305   
Appendix C 
212 
Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
  0.00058 ± 0.00005 0.00058 ± 0.00005 0.00060 ± 0.01665 3.84 ± 0.35 91 105   
  0.00052 ± 0.00002 0.00051 ± 0.00003 0.00052 ± 0.03003 3.35 ± 0.19 393 298   
  0.00054 ± 0.00002 0.00052 ± 0.00002 0.00053 ± 0.00957 3.41 ± 0.15 191 326   
  0.00055 ± 0.00002 0.00052 ± 0.00002 0.00054 ± 0.00809 3.44 ± 0.12 229 468   
  0.00053 ± 0.00002 0.00050 ± 0.00002 0.00051 ± 0.01086 3.28 ± 0.14 329 415   
  0.00060 ± 0.00003 0.00059 ± 0.00003 0.00060 ± 0.04780 3.89 ± 0.23 392 381 
outlier-
rejected 
  0.00050 ± 0.00003 0.00047 ± 0.00004 0.00049 ± 0.01086 3.13 ± 0.26 111 134   
  0.00052 ± 0.00002 0.00050 ± 0.00002 0.00051 ± 0.02280 3.29 ± 0.11 366 397   
  0.00061 ± 0.00004 0.00054 ± 0.00004 0.00055 ± 0.05033 3.55 ± 0.23 219 238   
  0.00054 ± 0.00002 0.00051 ± 0.00002 0.00052 ± 0.01161 3.35 ± 0.15 217 372 
  0.00058 ± 0.00002 0.00057 ± 0.00002 0.00058 ± 0.06348 3.72 ± 0.14 507 457   
  0.00056 ± 0.00003 0.00054 ± 0.00003 0.00055 ± 0.02522 3.58 ± 0.21 153 221   
  0.00051 ± 0.00002 0.00050 ± 0.00003 0.00051 ± 0.00997 3.27 ± 0.17 262 351   
  0.00053 ± 0.00003 0.00052 ± 0.00003 0.00053 ± 0.01733 3.40 ± 0.20 205 255   
  0.00061 ± 0.00004 0.00056 ± 0.00003 0.00057 ± 0.02127 3.69 ± 0.22 186 248   
  0.00056 ± 0.00003 0.00051 ± 0.00003 0.00052 ± 0.01710 3.37 ± 0.22 114 158   
  0.00066 ± 0.00005 0.00051 ± 0.00003 0.00052 ± 0.01236 3.34 ± 0.18 252 333   
  0.00059 ± 0.00003 0.00049 ± 0.00003 0.00050 ± 0.01012 3.23 ± 0.17 304 404   
  0.00115 ± 0.00008 0.00054 ± 0.00003 0.00055 ± 0.02583 3.52 ± 0.18 974 685 discordant 
  0.00067 ± 0.00004 0.00049 ± 0.00003 0.00050 ± 0.01405 3.21 ± 0.16 354 413   
  0.00104 ± 0.00009 0.00056 ± 0.00005 0.00057 ± 0.00991 3.68 ± 0.33 122 171 discordant 
  0.02570 ± 0.00440 0.02350 ± 0.00410 0.02351 ± 0.00845 149 ± 26 221 445 
inherited/ 
mixed age 
  0.00830 ± 0.00290 0.00720 ± 0.00270 0.00721 ± 0.01825 46 ± 17 273 381 
inherited/ 
mixed age 
  0.14100 ± 0.02400 0.13500 ± 0.02400 0.13501 ± 0.05445 790 ± 140 44 60 
inherited/ 
mixed age 
  0.23860 ± 0.00450 0.23000 ± 0.00480 0.23002 ± 0.00701 1338 ± 24 191 630 
inherited/ 
mixed age 
  0.05994 ± 0.00088 0.05750 ± 0.00086 0.05751 ± 0.00617 360 ± 5 602 1320 
inherited/ 
mixed age 
          
Grasberg 
20 0.00049 ± 0.00002 0.00046 ± 0.00002 0.00047 ± 0.01188 3.05 ± 0.15 312 286   
  0.00051 ± 0.00003 0.00049 ± 0.00003 0.00051 ± 0.00686 3.26 ± 0.21 123 202   
  0.00050 ± 0.00003 0.00049 ± 0.00003 0.00050 ± 0.00590 3.21 ± 0.20 86 147   
  0.00053 ± 0.00001 0.00052 ± 0.00001 0.00053 ± 0.01032 3.44 ± 0.09 415 849   
  0.00056 ± 0.00005 0.00049 ± 0.00005 0.00051 ± 0.01485 3.27 ± 0.29 137 210   
  0.00048 ± 0.00003 0.00046 ± 0.00004 0.00047 ± 0.00986 3.02 ± 0.24 84 143   
  0.00044 ± 0.00003 0.00042 ± 0.00003 0.00043 ± 0.00727 2.78 ± 0.20 76 153 
outlier-
rejected 
  0.00051 ± 0.00003 0.00046 ± 0.00003 0.00047 ± 0.01125 3.02 ± 0.21 121 198   
  0.00047 ± 0.00002 0.00046 ± 0.00002 0.00047 ± 0.01746 3.06 ± 0.15 193 239   
  0.00051 ± 0.00002 0.00051 ± 0.00002 0.00052 ± 0.00273 3.38 ± 0.11 170 570   
  0.00051 ± 0.00001 0.00050 ± 0.00002 0.00052 ± 0.00276 3.33 ± 0.10 184 623   
  0.00047 ± 0.00002 0.00047 ± 0.00002 0.00048 ± 0.00887 3.10 ± 0.12 276 321   
  0.00048 ± 0.00003 0.00046 ± 0.00003 0.00047 ± 0.00756 3.02 ± 0.18 101 180   
  Appendix C 
213 
Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
  0.00049 ± 0.00002 0.00047 ± 0.00002 0.00048 ± 0.01820 3.12 ± 0.15 282 277   
  0.01250 ± 0.00190 0.01190 ± 0.00180 0.01191 ± 0.00777 76 ± 12 152 277 
inherited/ 
mixed age 
  0.01709 ± 0.00039 0.01702 ± 0.00039 0.01703 ± 0.01195 109 ± 3 207 388 
inherited/ 
mixed age 
  0.01120 ± 0.00180 0.01050 ± 0.00180 0.01051 ± 0.01522 67 ± 11 115 161 
inherited/ 
mixed age 
          
Grasberg 
22 0.00046 ± 0.00002 0.00045 ± 0.00002 0.00046 ± 0.00900 2.98 ± 0.14 232 328   
  0.00055 ± 0.00003 0.00048 ± 0.00003 0.00049 ± 0.00515 3.19 ± 0.18 103 163   
  0.00052 ± 0.00002 0.00046 ± 0.00002 0.00047 ± 0.01949 3.05 ± 0.15 248 292   
  0.00048 ± 0.00003 0.00045 ± 0.00003 0.00046 ± 0.01065 2.99 ± 0.20 149 225   
  0.00049 ± 0.00003 0.00043 ± 0.00003 0.00044 ± 0.00471 2.86 ± 0.21 104 194   
  0.00051 ± 0.00002 0.00049 ± 0.00003 0.00050 ± 0.00638 3.22 ± 0.17 149 237   
  0.00049 ± 0.00003 0.00046 ± 0.00004 0.00047 ± 0.00878 3.02 ± 0.22 96 187   
  0.00046 ± 0.00003 0.00044 ± 0.00003 0.00045 ± 0.01290 2.89 ± 0.20 131 217   
  0.00059 ± 0.00004 0.00049 ± 0.00003 0.00050 ± 0.03889 3.22 ± 0.21 111 164   
  0.00044 ± 0.00003 0.00041 ± 0.00003 0.00043 ± 0.00935 2.74 ± 0.20 101 176 
outlier-
rejected 
  0.00048 ± 0.00002 0.00046 ± 0.00002 0.00047 ± 0.00946 3.06 ± 0.16 350 344   
  0.00049 ± 0.00003 0.00047 ± 0.00003 0.00048 ± 0.00568 3.10 ± 0.18 185 291   
  0.00058 ± 0.00003 0.00050 ± 0.00003 0.00051 ± 0.01583 3.28 ± 0.22 139 203   
  0.00053 ± 0.00003 0.00049 ± 0.00003 0.00051 ± 0.00615 3.26 ± 0.21 94 178   
  0.00061 ± 0.00004 0.00050 ± 0.00004 0.00051 ± 0.02195 3.30 ± 0.27 74 142   
  0.00050 ± 0.00001 0.00049 ± 0.00001 0.00050 ± 0.00874 3.25 ± 0.07 289 1270   
  0.00047 ± 0.00002 0.00045 ± 0.00002 0.00046 ± 0.01209 2.98 ± 0.14 422 372   
  0.00052 ± 0.00004 0.00048 ± 0.00003 0.00049 ± 0.01038 3.16 ± 0.21 126 206   
  0.00056 ± 0.00004 0.00051 ± 0.00003 0.00053 ± 0.01789 3.40 ± 0.22 109 192   
  0.00045 ± 0.00002 0.00044 ± 0.00003 0.00046 ± 0.01171 2.94 ± 0.16 309 340   
  0.00054 ± 0.00003 0.00045 ± 0.00003 0.00047 ± 0.00779 3.01 ± 0.20 133 209   
  0.00053 ± 0.00006 0.00044 ± 0.00005 0.00045 ± 0.05216 2.93 ± 0.29 169 163 discordant 
  0.14000 ± 0.01100 0.12700 ± 0.01000 0.12701 ± 0.01428 766 ± 60 95 154 
inherited/ 
mixed age 
  0.01680 ± 0.00240 0.01670 ± 0.00240 0.01671 ± 0.00775 106 ± 16 108 211 
inherited/ 
mixed age 
Grasberg 
22 (tape 
mount) 0.00049 ± 0.00002 0.00049 ± 0.00003 0.00050 ± 0.02241 3.23 ± 0.17 128 199   
  0.00045 ± 0.00002 0.00045 ± 0.00002 0.00046 ± 0.00858 2.98 ± 0.14 150 239   
  0.00062 ± 0.00003 0.00043 ± 0.00003 0.00044 ± 0.00654 2.85 ± 0.17 112 187   
  0.00047 ± 0.00004 0.00047 ± 0.00004 0.00048 ± 0.00498 3.12 ± 0.28 53 120   
  0.00048 ± 0.00004 0.00046 ± 0.00004 0.00048 ± 0.00725 3.06 ± 0.23 70 88   
  0.00047 ± 0.00003 0.00047 ± 0.00003 0.00048 ± 0.00710 3.09 ± 0.21 87 148   
  0.00052 ± 0.00003 0.00049 ± 0.00003 0.00050 ± 0.01644 3.22 ± 0.19 88 141   
  0.00049 ± 0.00003 0.00047 ± 0.00003 0.00049 ± 0.01177 3.12 ± 0.21 157 141   
  0.00049 ± 0.00002 0.00047 ± 0.00002 0.00048 ± 0.01147 3.11 ± 0.15 97 167   
  0.00216 ± 0.00019 0.00073 ± 0.00008 0.00074 ± 0.01489 4.77 ± 0.51 80 140 discordant 
Appendix C 
214 
Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
  0.00083 ± 0.00008 0.00052 ± 0.00004 0.00053 ± 0.01487 3.42 ± 0.25 73 115 discordant 
  0.00080 ± 0.00006 0.00048 ± 0.00005 0.00050 ± 0.00828 3.21 ± 0.33 92 134 discordant 
  0.00830 ± 0.00240 0.00820 ± 0.00230 0.00821 ± 0.05974 52 ± 15 135 164 
inherited/ 
mixed age 
  0.17370 ± 0.00730 0.16580 ± 0.00730 0.16581 ± 0.00861 988 ± 41 201 537 
inherited/ 
mixed age 
          
Grasberg 
24 0.00069 ± 0.00007 0.00052 ± 0.00005 0.00053 ± 0.01084 3.43 ± 0.29 54 106   
  0.00051 ± 0.00002 0.00051 ± 0.00002 0.00052 ± 0.00544 3.34 ± 0.12 148 415   
  0.00051 ± 0.00002 0.00052 ± 0.00003 0.00053 ± 0.00684 3.42 ± 0.17 106 338   
  0.00058 ± 0.00004 0.00049 ± 0.00003 0.00050 ± 0.00501 3.23 ± 0.18 127 373   
  0.00051 ± 0.00002 0.00049 ± 0.00002 0.00050 ± 0.01410 3.24 ± 0.11 423 830   
  0.00049 ± 0.00003 0.00048 ± 0.00003 0.00049 ± 0.00981 3.16 ± 0.21 66 133   
  0.00050 ± 0.00002 0.00050 ± 0.00002 0.00052 ± 0.01146 3.32 ± 0.13 397 871   
  0.00052 ± 0.00002 0.00050 ± 0.00002 0.00052 ± 0.01271 3.33 ± 0.16 160 332   
  0.00051 ± 0.00002 0.00049 ± 0.00002 0.00050 ± 0.00580 3.24 ± 0.11 292 800   
  0.00056 ± 0.00003 0.00049 ± 0.00004 0.00050 ± 0.00763 3.22 ± 0.23 124 248   
  0.00057 ± 0.00003 0.00048 ± 0.00002 0.00049 ± 0.00377 3.18 ± 0.13 99 593   
  0.00058 ± 0.00004 0.00048 ± 0.00003 0.00049 ± 0.01404 3.18 ± 0.17 174 313   
  0.00047 ± 0.00001 0.00045 ± 0.00001 0.00046 ± 0.01491 2.99 ± 0.08 1494 1466 
outlier-
rejected 
  0.00050 ± 0.00002 0.00049 ± 0.00002 0.00050 ± 0.00828 3.24 ± 0.11 199 534   
  0.00053 ± 0.00002 0.00050 ± 0.00002 0.00052 ± 0.01152 3.32 ± 0.11 326 685   
  0.00049 ± 0.00002 0.00046 ± 0.00002 0.00048 ± 0.00851 3.08 ± 0.11 153 603   
  0.00051 ± 0.00001 0.00050 ± 0.00001 0.00052 ± 0.00662 3.32 ± 0.08 186 807   
  0.00054 ± 0.00002 0.00051 ± 0.00002 0.00052 ± 0.03004 3.37 ± 0.12 491 693   
  0.00050 ± 0.00001 0.00050 ± 0.00001 0.00052 ± 0.00805 3.34 ± 0.09 623 1304   
  0.00050 ± 0.00002 0.00050 ± 0.00002 0.00052 ± 0.00770 3.33 ± 0.12 254 730   
  0.00049 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.00625 3.16 ± 0.12 157 574   
  0.00054 ± 0.00002 0.00053 ± 0.00002 0.00055 ± 0.00673 3.54 ± 0.15 82 700   
  0.00053 ± 0.00002 0.00053 ± 0.00002 0.00054 ± 0.00567 3.48 ± 0.11 208 569   
  0.00051 ± 0.00002 0.00050 ± 0.00002 0.00052 ± 0.00493 3.34 ± 0.12 219 626   
  0.00051 ± 0.00002 0.00051 ± 0.00002 0.00053 ± 0.00577 3.39 ± 0.12 163 478   
  0.00051 ± 0.00002 0.00050 ± 0.00002 0.00051 ± 0.00832 3.32 ± 0.13 347 723   
  0.00054 ± 0.00002 0.00054 ± 0.00002 0.00055 ± 0.01511 3.57 ± 0.14 226 631 
outlier-
rejected 
  0.00051 ± 0.00002 0.00047 ± 0.00002 0.00049 ± 0.00541 3.13 ± 0.14 186 513   
  0.00049 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.00756 3.18 ± 0.16 133 518   
  0.00051 ± 0.00002 0.00047 ± 0.00001 0.00049 ± 0.00322 3.15 ± 0.09 182 873   
  0.00049 ± 0.00003 0.00045 ± 0.00004 0.00046 ± 0.01658 2.96 ± 0.25 132 198   
  0.00054 ± 0.00003 0.00053 ± 0.00004 0.00054 ± 0.01427 3.47 ± 0.23 147 173   
  0.00056 ± 0.00003 0.00049 ± 0.00002 0.00051 ± 0.00792 3.26 ± 0.13 159 670   
  0.00074 ± 0.00008 0.00049 ± 0.00003 0.00051 ± 0.00817 3.28 ± 0.20 251 756   
  0.00049 ± 0.00002 0.00048 ± 0.00002 0.00050 ± 0.00527 3.21 ± 0.14 195 658   
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Sample 
206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
  0.00053 ± 0.00003 0.00049 ± 0.00003 0.00050 ± 0.01042 3.25 ± 0.20 144 248   
  0.00053 ± 0.00002 0.00051 ± 0.00002 0.00053 ± 0.02280 3.40 ± 0.10 374 963   
  0.01524 ± 0.00020 0.01513 ± 0.00019 0.01514 ± 0.02238 97 ± 1 188 257 
inherited/ 
mixed age 
  0.04029 ± 0.00028 0.04021 ± 0.00031 0.04022 ± 0.01606 254 ± 2 220 218 
inherited/ 
mixed age 
  0.05036 ± 0.00042 0.05023 ± 0.00044 0.05024 ± 0.01170 316 ± 3 192 292 
inherited/ 
mixed age 
  0.02282 ± 0.00059 0.02261 ± 0.00060 0.02262 ± 0.01010 144 ± 4 189 352 
inherited/ 
mixed age 
  0.06470 ± 0.00330 0.06060 ± 0.00320 0.06062 ± 0.00873 379 ± 19 298 1020 
inherited/ 
mixed age 
          
Ertsberg 1 0.00042 ± 0.00004 0.00040 ± 0.00004 0.00041 ± 0.05073 2.66 ± 0.28 82 90   
  0.00044 ± 0.00004 0.00043 ± 0.00005 0.00044 ± 0.00668 2.81 ± 0.29 87 91   
  0.00042 ± 0.00004 0.00041 ± 0.00005 0.00042 ± 0.01016 2.68 ± 0.29 61 75   
  0.00053 ± 0.00006 0.00047 ± 0.00006 0.00048 ± 0.02836 3.09 ± 0.38 51 57   
  0.00040 ± 0.00004 0.00039 ± 0.00005 0.00040 ± 0.00552 2.59 ± 0.30 40 61   
  0.00043 ± 0.00004 0.00042 ± 0.00005 0.00043 ± 0.00777 2.78 ± 0.30 68 79   
  0.00045 ± 0.00003 0.00044 ± 0.00003 0.00045 ± 0.01226 2.91 ± 0.19 108 124   
  0.00050 ± 0.00005 0.00044 ± 0.00005 0.00046 ± 0.00933 2.94 ± 0.30 41 63   
  0.00045 ± 0.00003 0.00044 ± 0.00004 0.00045 ± 0.01012 2.87 ± 0.23 120 115   
  0.00041 ± 0.00004 0.00038 ± 0.00005 0.00039 ± 0.00553 2.53 ± 0.30 50 64   
  0.00043 ± 0.00003 0.00042 ± 0.00004 0.00043 ± 0.00840 2.75 ± 0.24 84 85   
  0.00045 ± 0.00004 0.00038 ± 0.00005 0.00039 ± 0.01972 2.52 ± 0.33 64 77   
  0.00043 ± 0.00004 0.00039 ± 0.00004 0.00040 ± 0.02036 2.61 ± 0.26 70 75   
  0.00046 ± 0.00004 0.00044 ± 0.00004 0.00045 ± 0.00693 2.89 ± 0.28 70 85   
  0.00063 ± 0.00007 0.00057 ± 0.00007 0.00059 ± 0.00471 3.77 ± 0.42 55 73 
outlier-
rejected 
  0.00056 ± 0.00005 0.00054 ± 0.00005 0.00055 ± 0.00519 3.53 ± 0.31 95 168 
outlier-
rejected 
  0.00041 ± 0.00003 0.00037 ± 0.00004 0.00038 ± 0.00654 2.42 ± 0.27 65 83   
  0.00045 ± 0.00003 0.00043 ± 0.00003 0.00044 ± 0.01042 2.83 ± 0.20 116 116   
  0.00044 ± 0.00003 0.00042 ± 0.00004 0.00043 ± 0.01582 2.79 ± 0.23 82 104   
  0.00046 ± 0.00003 0.00044 ± 0.00004 0.00045 ± 0.00904 2.90 ± 0.22 131 123   
  0.00038 ± 0.00004 0.00037 ± 0.00005 0.00038 ± 0.04415 2.45 ± 0.30 52 59   
  0.00041 ± 0.00003 0.00040 ± 0.00003 0.00041 ± 0.02366 2.65 ± 0.21 134 137   
  0.00403 ± 0.00024 0.00089 ± 0.00015 0.00090 ± 0.03149 5.82 ± 0.94 142 145 discordant 
  0.00057 ± 0.00005 0.00045 ± 0.00006 0.00046 ± 0.00786 2.95 ± 0.37 47 63   
Ertsberg 1 
(tape 
mount) 0.00043 ± 0.00003 0.00040 ± 0.00004 0.00041 ± 0.03673 2.62 ± 0.25 154 129   
  0.00040 ± 0.00003 0.00038 ± 0.00003 0.00039 ± 0.01931 2.51 ± 0.20 150 148   
  0.00045 ± 0.00003 0.00040 ± 0.00004 0.00041 ± 0.07117 2.67 ± 0.24 98 86   
  0.00061 ± 0.00013 0.00042 ± 0.00005 0.00043 ± 0.01646 2.76 ± 0.33 141 228 discordant 
  0.00057 ± 0.00005 0.00054 ± 0.00005 0.00055 ± 0.05100 3.57 ± 0.33 65 91 
outlier-
rejected 
  0.00043 ± 0.00004 0.00042 ± 0.00005 0.00043 ± 0.00537 2.80 ± 0.31 66 93   
  0.00045 ± 0.00003 0.00044 ± 0.00003 0.00044 ± 0.02267 2.87 ± 0.20 144 131   
Appendix C 
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206Pb/238U                                   
uncorrected 
206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
  0.00045 ± 0.00005 0.00044 ± 0.00005 0.00045 ± 0.05095 2.87 ± 0.29 130 135   
  0.00044 ± 0.00004 0.00042 ± 0.00004 0.00043 ± 0.01371 2.77 ± 0.28 125 111   
  0.00044 ± 0.00004 0.00043 ± 0.00005 0.00044 ± 0.05407 2.83 ± 0.30 113 101   
  0.00043 ± 0.00004 0.00042 ± 0.00004 0.00042 ± 0.01050 2.74 ± 0.24 120 118   
  0.00045 ± 0.00004 0.00045 ± 0.00005 0.00046 ± 0.06085 2.93 ± 0.32 97 92   
  0.00158 ± 0.00025 0.00063 ± 0.00007 0.00064 ± 0.00727 4.11 ± 0.47 137 119 discordant 
  0.00102 ± 0.00006 0.00047 ± 0.00003 0.00048 ± 0.02341 3.11 ± 0.22 208 524 discordant 
  0.00044 ± 0.00004 0.00042 ± 0.00004 0.00043 ± 0.00936 2.80 ± 0.28 66 85   
  0.00065 ± 0.00005 0.00059 ± 0.00005 0.00060 ± 0.06749 3.86 ± 0.31 98 130 
outlier-
rejected 
  0.00038 ± 0.00004 0.00036 ± 0.00005 0.00037 ± 0.01887 2.39 ± 0.29 140 136   
  0.00095 ± 0.00008 0.00042 ± 0.00009 0.00043 ± 0.04656 2.75 ± 0.56 71 81 discordant 
  0.00047 ± 0.00004 0.00047 ± 0.00004 0.00048 ± 0.01626 3.08 ± 0.26 70 113   
  0.00039 ± 0.00004 0.00037 ± 0.00004 0.00038 ± 0.01423 2.44 ± 0.26 65 72   
  0.00069 ± 0.00006 0.00054 ± 0.00007 0.00055 ± 0.02829 3.54 ± 0.45 131 114 
outlier-
rejected 
  0.00049 ± 0.00005 0.00047 ± 0.00006 0.00048 ± 0.02523 3.07 ± 0.37 69 83   
  0.00043 ± 0.00004 0.00040 ± 0.00004 0.00041 ± 0.01091 2.64 ± 0.27 92 96   
  0.00041 ± 0.00003 0.00039 ± 0.00003 0.00040 ± 0.02704 2.58 ± 0.21 120 117   
  0.00041 ± 0.00004 0.00041 ± 0.00004 0.00042 ± 0.00935 2.71 ± 0.26 99 95   
  0.00044 ± 0.00006 0.00041 ± 0.00006 0.00042 ± 0.01869 2.73 ± 0.38 101 89   
  0.00137 ± 0.00007 0.00051 ± 0.00006 0.00052 ± 0.01017 3.33 ± 0.39 349 329 discordant 
  0.00042 ± 0.00004 0.00042 ± 0.00004 0.00043 ± 0.00748 2.80 ± 0.26 84 98   
  0.00043 ± 0.00005 0.00042 ± 0.00005 0.00044 ± 0.02028 2.81 ± 0.33 65 124   
  0.00088 ± 0.00015 0.00049 ± 0.00009 0.00051 ± 0.01953 3.25 ± 0.57 56 74 discordant 
  0.00041 ± 0.00002 0.00041 ± 0.00002 0.00042 ± 0.01460 2.67 ± 0.15 254 235   
  0.00047 ± 0.00004 0.00044 ± 0.00004 0.00045 ± 0.02570 2.90 ± 0.25 82 83   
  0.00040 ± 0.00003 0.00038 ± 0.00003 0.00039 ± 0.02158 2.48 ± 0.21 122 156   
  0.00051 ± 0.00004 0.00049 ± 0.00004 0.00050 ± 0.03737 3.24 ± 0.25 80 104 
outlier-
rejected 
(combined 
data) 
  0.00049 ± 0.00005 0.00047 ± 0.00006 0.00048 ± 0.03451 3.10 ± 0.37 105 102   
  0.00047 ± 0.00005 0.00044 ± 0.00006 0.00045 ± 0.00475 2.90 ± 0.35 43 63   
  0.00037 ± 0.00005 0.00034 ± 0.00006 0.00035 ± 0.01729 2.24 ± 0.37 51 61   
  0.00040 ± 0.00004 0.00038 ± 0.00004 0.00039 ± 0.00980 2.51 ± 0.26 80 83   
  0.00048 ± 0.00005 0.00046 ± 0.00005 0.00047 ± 0.01983 3.04 ± 0.35 68 90   
  0.00039 ± 0.00004 0.00039 ± 0.00005 0.00040 ± 0.03387 2.60 ± 0.33 59 67   
  0.00041 ± 0.00004 0.00040 ± 0.00004 0.00041 ± 0.00963 2.62 ± 0.28 96 99   
  0.00044 ± 0.00005 0.00042 ± 0.00005 0.00043 ± 0.00852 2.80 ± 0.33 40 71   
  0.00042 ± 0.00003 0.00042 ± 0.00004 0.00042 ± 0.01972 2.73 ± 0.23 142 123   
  0.00042 ± 0.00003 0.00040 ± 0.00003 0.00041 ± 0.02152 2.65 ± 0.22 81 81   
  0.00065 ± 0.00005 0.00041 ± 0.00005 0.00042 ± 0.02151 2.73 ± 0.34 132 185   
  0.00058 ± 0.00005 0.00050 ± 0.00006 0.00051 ± 0.06140 3.32 ± 0.36 96 108 
outlier-
rejected 
(combined 
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206Pb/238U                
common Pb corrected 
206Pb/238U                                     
Th disequilibrium 
corrected 
Age (Ma) Th (ppm) 
U 
(ppm) Notes 
data) 
  0.00074 ± 0.00006 0.00041 ± 0.00007 0.00042 ± 0.01015 2.70 ± 0.47 65 93 discordant 
          
Ertsberg 4 0.00043 ± 0.00002 0.00042 ± 0.00002 0.00043 ± 0.01617 2.78 ± 0.14 304 271   
  0.00048 ± 0.00005 0.00043 ± 0.00005 0.00044 ± 0.02032 2.86 ± 0.33 71 71   
  0.00046 ± 0.00002 0.00045 ± 0.00002 0.00046 ± 0.00730 2.96 ± 0.15 245 268   
  0.00045 ± 0.00002 0.00045 ± 0.00002 0.00046 ± 0.01687 2.95 ± 0.15 499 332   
  0.00044 ± 0.00001 0.00042 ± 0.00002 0.00043 ± 0.01297 2.78 ± 0.11 629 568   
  0.00042 ± 0.00002 0.00039 ± 0.00002 0.00040 ± 0.03351 2.56 ± 0.12 543 485 
outlier-
rejected 
  0.00044 ± 0.00002 0.00042 ± 0.00002 0.00043 ± 0.04537 2.76 ± 0.15 1188 649   
  0.00046 ± 0.00002 0.00045 ± 0.00002 0.00046 ± 0.02413 2.94 ± 0.13 361 298   
  0.00046 ± 0.00003 0.00045 ± 0.00003 0.00046 ± 0.00944 2.96 ± 0.18 191 169   
  0.00048 ± 0.00002 0.00046 ± 0.00002 0.00047 ± 0.01607 3.05 ± 0.15 100 191   
  0.00045 ± 0.00002 0.00044 ± 0.00002 0.00045 ± 0.00772 2.91 ± 0.10 507 391   
  0.00045 ± 0.00002 0.00044 ± 0.00003 0.00045 ± 0.00792 2.92 ± 0.18 199 184   
  0.00049 ± 0.00002 0.00040 ± 0.00002 0.00041 ± 0.05739 2.65 ± 0.16 575 359   
  0.00051 ± 0.00002 0.00044 ± 0.00003 0.00045 ± 0.03379 2.91 ± 0.17 336 363   
  0.00061 ± 0.00003 0.00043 ± 0.00003 0.00044 ± 0.02103 2.85 ± 0.21 339 250   
  0.00100 ± 0.00003 0.00047 ± 0.00004 0.00048 ± 0.01789 3.08 ± 0.24 527 333 discordant 
  0.00175 ± 0.00030 0.00051 ± 0.00007 0.00053 ± 0.01099 3.39 ± 0.46 76 97 discordant 
Ertsberg 4 
(tape 
mount) 0.00044 ± 0.00003 0.00042 ± 0.00003 0.00043 ± 0.00774 2.77 ± 0.21 337 252   
  0.00041 ± 0.00003 0.00040 ± 0.00004 0.00041 ± 0.00622 2.64 ± 0.23 145 125   
  0.00050 ± 0.00004 0.00045 ± 0.00002 0.00046 ± 0.01720 2.95 ± 0.13 832 501   
  0.00046 ± 0.00003 0.00046 ± 0.00003 0.00048 ± 0.00748 3.06 ± 0.20 198 240   
  0.00047 ± 0.00002 0.00044 ± 0.00003 0.00045 ± 0.01143 2.90 ± 0.19 91 189   
  0.00048 ± 0.00001 0.00047 ± 0.00002 0.00048 ± 0.00490 3.11 ± 0.11 565 873   
  0.00047 ± 0.00004 0.00044 ± 0.00004 0.00046 ± 0.00748 2.94 ± 0.27 80 135   
  0.00210 ± 0.00011 0.00072 ± 0.00013 0.00073 ± 0.01255 4.70 ± 0.81 93 107 discordant 
  0.00045 ± 0.00003 0.00044 ± 0.00003 0.00045 ± 0.01616 2.89 ± 0.21 145 118   
  0.00058 ± 0.00003 0.00040 ± 0.00002 0.00041 ± 0.01444 2.66 ± 0.14 186 355   
  0.00051 ± 0.00005 0.00048 ± 0.00005 0.00050 ± 0.01180 3.19 ± 0.33 49 84   
  0.00047 ± 0.00003 0.00046 ± 0.00003 0.00047 ± 0.01545 3.05 ± 0.17 324 400   
  0.00047 ± 0.00004 0.00048 ± 0.00004 0.00049 ± 0.01339 3.15 ± 0.23 71 103   
  0.00044 ± 0.00003 0.00042 ± 0.00003 0.00043 ± 0.00556 2.79 ± 0.17 254 199   
  0.00053 ± 0.00003 0.00047 ± 0.00003 0.00048 ± 0.01056 3.08 ± 0.21 141 177   
  0.00042 ± 0.00002 0.00042 ± 0.00002 0.00043 ± 0.00713 2.78 ± 0.13 505 438   
  0.00044 ± 0.00002 0.00040 ± 0.00003 0.00041 ± 0.01141 2.68 ± 0.16 561 420   
  0.00045 ± 0.00002 0.00045 ± 0.00003 0.00046 ± 0.01971 2.93 ± 0.16 767 498   
  0.00043 ± 0.00002 0.00042 ± 0.00002 0.00043 ± 0.02659 2.78 ± 0.14 580 386   
  0.00046 ± 0.00003 0.00045 ± 0.00003 0.00046 ± 0.00821 2.98 ± 0.20 205 277   
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common Pb corrected 
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U 
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  0.00047 ± 0.00002 0.00043 ± 0.00002 0.00044 ± 0.01741 2.82 ± 0.12 548 559   
  0.00044 ± 0.00002 0.00044 ± 0.00003 0.00045 ± 0.00809 2.92 ± 0.16 318 270   
  0.00045 ± 0.00003 0.00043 ± 0.00003 0.00044 ± 0.01591 2.86 ± 0.18 299 235   
  0.00127 ± 0.00010 0.00057 ± 0.00007 0.00058 ± 0.01424 3.72 ± 0.43 144 147 discordant 
  0.00059 ± 0.00005 0.00050 ± 0.00006 0.00051 ± 0.01303 3.29 ± 0.39 58 81 discordant 
  0.00045 ± 0.00002 0.00044 ± 0.00002 0.00046 ± 0.01254 2.95 ± 0.11 642 841   
  0.00042 ± 0.00002 0.00042 ± 0.00002 0.00044 ± 0.00645 2.81 ± 0.13 300 278   
  0.00095 ± 0.00008 0.00048 ± 0.00005 0.00049 ± 0.00956 3.18 ± 0.33 76 126 discordant 
  0.00044 ± 0.00002 0.00043 ± 0.00002 0.00045 ± 0.02438 2.87 ± 0.13 259 286   
  0.00067 ± 0.00004 0.00046 ± 0.00003 0.00047 ± 0.01227 3.01 ± 0.18 441 570   
  0.00045 ± 0.00002 0.00043 ± 0.00003 0.00045 ± 0.00709 2.88 ± 0.19 578 553   
  0.00079 ± 0.00010 0.00043 ± 0.00005 0.00044 ± 0.00741 2.83 ± 0.31 106 156 discordant 
  0.00054 ± 0.00003 0.00044 ± 0.00004 0.00045 ± 0.01244 2.92 ± 0.24 349 383   
  0.00046 ± 0.00002 0.00042 ± 0.00003 0.00043 ± 0.00612 2.77 ± 0.17 393 371   
  0.00044 ± 0.00004 0.00042 ± 0.00004 0.00043 ± 0.00868 2.78 ± 0.26 170 144   
  0.00040 ± 0.00004 0.00037 ± 0.00004 0.00038 ± 0.01852 2.45 ± 0.27 88 102 
outlier-
rejected 
  0.00072 ± 0.00009 0.00052 ± 0.00009 0.00053 ± 0.01167 3.40 ± 0.57 155 202 discordant 
  0.00044 ± 0.00003 0.00041 ± 0.00003 0.00042 ± 0.01423 2.74 ± 0.21 164 150   
  0.00043 ± 0.00001 0.00042 ± 0.00001 0.00043 ± 0.01139 2.80 ± 0.07 2224 1503   
  0.00049 ± 0.00004 0.00043 ± 0.00005 0.00044 ± 0.00994 2.85 ± 0.32 202 187   
            
Karume 0.00048 ± 0.00001 0.00047 ± 0.00002 0.00049 ± 0.00244 3.14 ± 0.10 329 721   
  0.00052 ± 0.00002 0.00052 ± 0.00002 0.00053 ± 0.01188 3.42 ± 0.13 169 402   
  0.00054 ± 0.00001 0.00053 ± 0.00001 0.00054 ± 0.00359 3.47 ± 0.09 266 542 
outlier-
rejected 
  0.00050 ± 0.00001 0.00049 ± 0.00002 0.00050 ± 0.00206 3.26 ± 0.11 180 527   
  0.00056 ± 0.00002 0.00046 ± 0.00002 0.00048 ± 0.00385 3.06 ± 0.11 153 542   
  0.00051 ± 0.00001 0.00048 ± 0.00002 0.00049 ± 0.00447 3.18 ± 0.10 131 505   
  0.00051 ± 0.00001 0.00049 ± 0.00001 0.00051 ± 0.01164 3.28 ± 0.08 390 986   
  0.00047 ± 0.00002 0.00047 ± 0.00002 0.00049 ± 0.00541 3.14 ± 0.10 118 501   
  0.00049 ± 0.00001 0.00048 ± 0.00001 0.00050 ± 0.00303 3.19 ± 0.09 185 677   
  0.00050 ± 0.00002 0.00050 ± 0.00002 0.00051 ± 0.00422 3.32 ± 0.12 166 446   
  0.00049 ± 0.00001 0.00049 ± 0.00002 0.00050 ± 0.00246 3.24 ± 0.10 177 597   
  0.00046 ± 0.00001 0.00046 ± 0.00002 0.00047 ± 0.00148 3.04 ± 0.10 108 627   
  0.00050 ± 0.00001 0.00050 ± 0.00002 0.00051 ± 0.00238 3.29 ± 0.10 148 602   
  0.00051 ± 0.00001 0.00047 ± 0.00002 0.00048 ± 0.00187 3.11 ± 0.10 268 683   
  0.00049 ± 0.00001 0.00048 ± 0.00002 0.00050 ± 0.00320 3.20 ± 0.09 154 599   
  0.00050 ± 0.00001 0.00049 ± 0.00002 0.00050 ± 0.00318 3.25 ± 0.10 406 756   
  0.00049 ± 0.00001 0.00048 ± 0.00001 0.00049 ± 0.00216 3.19 ± 0.08 176 769   
  0.00053 ± 0.00003 0.00051 ± 0.00003 0.00052 ± 0.00377 3.36 ± 0.18 199 546   
  0.00052 ± 0.00002 0.00051 ± 0.00002 0.00053 ± 0.00418 3.40 ± 0.13 128 475   
  0.00049 ± 0.00002 0.00049 ± 0.00002 0.00050 ± 0.00319 3.24 ± 0.12 206 639   
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  0.00049 ± 0.00002 0.00048 ± 0.00002 0.00050 ± 0.00165 3.22 ± 0.14 107 548   
  0.00050 ± 0.00002 0.00049 ± 0.00002 0.00051 ± 0.00189 3.27 ± 0.12 200 619   
  0.00051 ± 0.00002 0.00049 ± 0.00002 0.00050 ± 0.00236 3.25 ± 0.15 87 413   
  0.00049 ± 0.00002 0.00047 ± 0.00002 0.00049 ± 0.00334 3.13 ± 0.11 165 518   
  0.00049 ± 0.00002 0.00048 ± 0.00002 0.00050 ± 0.00252 3.22 ± 0.11 90 459   
  0.27400 ± 0.02000 0.27100 ± 0.02100 0.27102 ± 0.02116 1530 ± 110 42 146 
inherited/ 
mixed age 
  0.01950 ± 0.00240 0.01760 ± 0.00210 0.01762 ± 0.00721 112 ± 13 58 284 
inherited/ 
mixed age 
  0.00387 ± 0.00084 0.00360 ± 0.00077 0.00361 ± 0.00518 23 ± 5 467 1284 
inherited/ 
mixed age 
Karume 
(tape 
mount) 0.00050 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.00213 3.18 ± 0.12 149 411   
  0.00074 ± 0.00003 0.00052 ± 0.00003 0.00054 ± 0.00866 3.45 ± 0.16 154 364   
  0.00064 ± 0.00005 0.00049 ± 0.00002 0.00050 ± 0.00298 3.23 ± 0.15 280 494   
  0.00047 ± 0.00002 0.00047 ± 0.00002 0.00049 ± 0.00558 3.13 ± 0.13 78 326   
  0.00064 ± 0.00002 0.00050 ± 0.00003 0.00051 ± 0.00478 3.31 ± 0.16 197 529   
  0.00046 ± 0.00002 0.00045 ± 0.00002 0.00047 ± 0.00544 3.01 ± 0.12 167 437   
  0.00046 ± 0.00001 0.00046 ± 0.00002 0.00047 ± 0.00536 3.05 ± 0.10 161 439   
  0.00048 ± 0.00001 0.00048 ± 0.00001 0.00049 ± 0.00516 3.16 ± 0.09 188 633   
  0.00050 ± 0.00001 0.00050 ± 0.00002 0.00052 ± 0.00742 3.33 ± 0.10 201 480   
  0.00042 ± 0.00002 0.00042 ± 0.00002 0.00044 ± 0.00530 2.81 ± 0.10 90 401 
outlier-
rejected 
  0.00053 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.00310 3.19 ± 0.13 187 607   
  0.00057 ± 0.00003 0.00046 ± 0.00003 0.00047 ± 0.00311 3.04 ± 0.17 135 499   
  0.00048 ± 0.00001 0.00046 ± 0.00002 0.00048 ± 0.00471 3.07 ± 0.10 222 506   
  0.00055 ± 0.00002 0.00048 ± 0.00003 0.00049 ± 0.00241 3.17 ± 0.18 155 531   
  0.00045 ± 0.00002 0.00046 ± 0.00002 0.00047 ± 0.00420 3.04 ± 0.10 157 454   
  0.00048 ± 0.00001 0.00047 ± 0.00002 0.00049 ± 0.00434 3.14 ± 0.11 178 493   
  0.00059 ± 0.00005 0.00050 ± 0.00002 0.00051 ± 0.00873 3.30 ± 0.15 190 601   
  0.00048 ± 0.00001 0.00048 ± 0.00001 0.00049 ± 0.00763 3.18 ± 0.09 158 495   
  0.00048 ± 0.00002 0.00047 ± 0.00002 0.00049 ± 0.00374 3.15 ± 0.14 104 364   
  0.00049 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.00455 3.19 ± 0.11 102 455   
  0.00047 ± 0.00002 0.00046 ± 0.00002 0.00047 ± 0.00342 3.05 ± 0.14 82 276   
  0.00050 ± 0.00002 0.00048 ± 0.00002 0.00050 ± 0.00381 3.22 ± 0.14 112 374   
  0.00047 ± 0.00002 0.00046 ± 0.00002 0.00048 ± 0.00397 3.09 ± 0.13 96 353   
  0.00049 ± 0.00003 0.00048 ± 0.00003 0.00050 ± 0.00398 3.19 ± 0.18 105 375   
  0.00050 ± 0.00001 0.00050 ± 0.00002 0.00052 ± 0.00412 3.35 ± 0.11 167 495   
  0.00049 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.00470 3.17 ± 0.15 126 363   
  0.00053 ± 0.00002 0.00052 ± 0.00002 0.00053 ± 0.00247 3.41 ± 0.13 165 437   
  0.00046 ± 0.00002 0.00045 ± 0.00002 0.00047 ± 0.00648 3.01 ± 0.12 93 494   
  0.00053 ± 0.00001 0.00052 ± 0.00002 0.00054 ± 0.00643 3.46 ± 0.10 256 586   
  0.00052 ± 0.00001 0.00048 ± 0.00002 0.00049 ± 0.02155 3.16 ± 0.10 694 1870   
  0.00054 ± 0.00002 0.00044 ± 0.00002 0.00046 ± 0.00677 2.94 ± 0.14 241 518   
  0.00048 ± 0.00001 0.00047 ± 0.00002 0.00049 ± 0.00334 3.15 ± 0.11 129 406   
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  0.00058 ± 0.00002 0.00051 ± 0.00002 0.00052 ± 0.00325 3.38 ± 0.13 182 413   
  0.00048 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.00743 3.16 ± 0.11 233 640   
  0.00044 ± 0.00002 0.00043 ± 0.00002 0.00045 ± 0.00739 2.87 ± 0.12 120 406   
  0.00087 ± 0.00007 0.00056 ± 0.00003 0.00057 ± 0.00449 3.69 ± 0.19 231 493 
outlier-
rejected 
  0.00085 ± 0.00007 0.00049 ± 0.00003 0.00050 ± 0.00787 3.23 ± 0.19 152 569   
  0.00062 ± 0.00004 0.00047 ± 0.00002 0.00049 ± 0.00596 3.15 ± 0.15 128 436   
  0.12100 ± 0.01900 0.10100 ± 0.01600 0.10102 ± 0.01605 611 ± 93 99 354 
inherited/ 
mixed age 
  0.05100 ± 0.01800 0.04500 ± 0.01600 0.04501 ± 0.01694 290 ± 100 152 446 
inherited/ 
mixed age 
          
Wanagon 0.00054 ± 0.00002 0.00053 ± 0.00002 0.00055 ± 0.00126 3.53 ± 0.11 86 387   
  0.00057 ± 0.00002 0.00055 ± 0.00002 0.00057 ± 0.00227 3.67 ± 0.11 85 426   
  0.00088 ± 0.00008 0.00083 ± 0.00008 0.00084 ± 0.00107 5.43 ± 0.48 96 468 
outlier-
rejected 
  0.00056 ± 0.00001 0.00055 ± 0.00002 0.00056 ± 0.00179 3.61 ± 0.12 102 419   
  0.00054 ± 0.00002 0.00054 ± 0.00002 0.00056 ± 0.00263 3.61 ± 0.10 101 528   
  0.00053 ± 0.00002 0.00053 ± 0.00002 0.00054 ± 0.00144 3.50 ± 0.12 105 501   
  0.00055 ± 0.00002 0.00054 ± 0.00002 0.00056 ± 0.00138 3.60 ± 0.13 99 467   
  0.00053 ± 0.00001 0.00053 ± 0.00001 0.00054 ± 0.00112 3.49 ± 0.08 184 735   
  0.00054 ± 0.00002 0.00054 ± 0.00002 0.00055 ± 0.00073 3.55 ± 0.15 81 383   
  0.00058 ± 0.00002 0.00055 ± 0.00002 0.00057 ± 0.00131 3.66 ± 0.11 98 454   
  0.00078 ± 0.00010 0.00077 ± 0.00010 0.00079 ± 0.00496 5.08 ± 0.62 93 497 
outlier-
rejected 
  0.00056 ± 0.00002 0.00055 ± 0.00002 0.00057 ± 0.00133 3.67 ± 0.12 101 495   
  0.00053 ± 0.00002 0.00053 ± 0.00002 0.00054 ± 0.00135 3.50 ± 0.12 92 442   
  0.01060 ± 0.00160 0.00980 ± 0.00140 0.00982 ± 0.00298 63 ± 9 109 399 
inherited/ 
mixed age 
  0.18400 ± 0.02400 0.17800 ± 0.02400 0.17802 ± 0.02402 1030 ± 130 62 507 
inherited/ 
mixed age 
  0.02300 ± 0.00290 0.02120 ± 0.00270 0.02122 ± 0.00471 135 ± 17 74 278 
inherited/ 
mixed age 
  0.00996 ± 0.00029 0.00917 ± 0.00027 0.00919 ± 0.00204 59 ± 2 170 641 
inherited/ 
mixed age 
  0.06200 ± 0.01600 0.05900 ± 0.01500 0.05902 ± 0.01597 359 ± 91 59 200 
inherited/ 
mixed age 
  0.02920 ± 0.00530 0.02710 ± 0.00490 0.02712 ± 0.00517 171 ± 31 173 525 
inherited/ 
mixed age 
  0.00660 ± 0.00160 0.00630 ± 0.00150 0.00632 ± 0.00414 41 ± 10 144 533 
inherited/ 
mixed age 
  0.13900 ± 0.03000 0.13600 ± 0.03000 0.13602 ± 0.03720 790 ± 170 51 137 
inherited/ 
mixed age 
  0.10700 ± 0.02300 0.10200 ± 0.02200 0.10202 ± 0.02231 630 ± 130 68 404 
inherited/ 
mixed age 
Wanagon 
(tape 
mount) 0.00054 ± 0.00002 0.00052 ± 0.00002 0.00053 ± 0.00199 3.45 ± 0.12 111 424   
  0.00052 ± 0.00002 0.00048 ± 0.00002 0.00049 ± 0.00149 3.16 ± 0.14 164 463 
outlier-
rejected 
  0.00059 ± 0.00002 0.00052 ± 0.00002 0.00054 ± 0.00423 3.47 ± 0.14 187 435   
  0.00058 ± 0.00002 0.00055 ± 0.00002 0.00056 ± 0.00208 3.64 ± 0.11 114 467   
  0.00055 ± 0.00002 0.00054 ± 0.00002 0.00056 ± 0.00334 3.60 ± 0.12 178 462   
  0.00056 ± 0.00002 0.00055 ± 0.00002 0.00057 ± 0.00333 3.65 ± 0.15 86 405   
  0.00055 ± 0.00002 0.00050 ± 0.00003 0.00052 ± 0.00454 3.34 ± 0.16 122 351   
  0.00080 ± 0.00030 0.00077 ± 0.00028 0.00079 ± 0.00511 5.10 ± 1.80 171 480 
outlier-
rejected 
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  0.00055 ± 0.00002 0.00054 ± 0.00002 0.00055 ± 0.00206 3.56 ± 0.13 111 424   
  0.00053 ± 0.00002 0.00051 ± 0.00002 0.00053 ± 0.00165 3.40 ± 0.14 154 476   
  0.00149 ± 0.00017 0.00070 ± 0.00005 0.00071 ± 0.01194 4.58 ± 0.33 145 325 discordant 
  0.00076 ± 0.00003 0.00051 ± 0.00002 0.00053 ± 0.00489 3.41 ± 0.13 157 531   
  0.08700 ± 0.02800 0.07800 ± 0.02500 0.07802 ± 0.02570 460 ± 150 83 367 
inherited/ 
mixed age 
  0.01050 ± 0.00240 0.00960 ± 0.00220 0.00962 ± 0.01224 61 ± 14 111 267 
inherited/ 
mixed age 
  0.09100 ± 0.02200 0.08600 ± 0.02200 0.08602 ± 0.02697 520 ± 130 98 251 
Inherited/ 
mixed age 
  0.07600 ± 0.02400 0.07100 ± 0.02300 0.07102 ± 0.02427 420 ± 130 85 314 
inherited/ 
mixed age 
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Table C4. Raw data table showing uncorrected and common Pb corrected 206Pb/238U, 
238U/206Pb, and 207Pb/206Pb ratios. 
Sample ID 
Uncorrected 
206Pb/238U 
Common Pb 
corrected 206Pb/238U 
Uncorrected 
238U/206Pb 
Common Pb 
corrected 
238U/206Pb 
Uncorrected 
207Pb/206Pb 
Common Pb 
corrected 207Pb/206Pb 
ratio ± ratio ± ratio ± ratio ± ratio ± ratio ± 
Gras1 1_01 0.000534 0.000015 0.000533 0.000019 1872.659 52.60279 1907 66 0.0511 0.0069 0.0461113 0.0000019 
1_02 0.000606 0.000034 0.00053 0.000025 1650.165 92.58352 1908 94 0.138 0.024 0.0461201 0.0000042 
1_03 0.00056 0.00003 0.000539 0.000032 1785.714 95.66327 1900 110 0.068 0.014 0.0461146 0.0000037 
1_04 0.00052 0.000023 0.000484 0.000025 1923.077 85.05917 2040 110 0.065 0.012 0.0461096 0.0000028 
1_05 0.000645 0.000049 0.000517 0.000037 1550.388 117.7814 2030 140 0.162 0.031 0.046124 0.0000061 
1_06 0.000519 0.000018 0.000477 0.000017 1926.782 66.82482 2114 80 0.096 0.015 0.0461095 0.0000022 
1_07 0.000593 0.000018 0.000517 0.000018 1686.341 51.18741 1928 65 0.144 0.016 0.0461186 0.0000023 
1_08a 0.000585 0.000046 0.000575 0.00005 1709.402 134.4145 1880 180 0.059 0.019 0.0461175 0.0000057 
1_08b 0.000567 0.000029 0.00057 0.000033 1763.668 90.20526 1860 130 0.047 0.014 0.0461154 0.0000036 
1_09 0.6118 0.0038 0.6058 0.0058 1.634521 0.010152 1.653 0.016 0.2536 0.0012 0.2443 0.0037 
1_10 0.000782 0.000085 0.000609 0.000068 1278.772 138.997 1680 160 0.204 0.035 0.046152 0.000014 
1_11 0.000535 0.000038 0.000514 0.000044 1869.159 132.7627 2030 170 0.076 0.021 0.0461114 0.0000047 
1_12 0.000546 0.000032 0.000535 0.000035 1831.502 107.3408 1970 140 0.049 0.014 0.0461128 0.000004 
1_13 0.03998 0.00063 0.03976 0.00066 25.01251 0.394144 25.19 0.43 0.0528 0.0024 0.05107 0.00019 
1_14 0.000546 0.000025 0.000503 0.000027 1831.502 83.85997 1959 98 0.081 0.014 0.0461128 0.0000031 
1_15 0.000513 0.000015 0.000491 0.000015 1949.318 56.99759 2021 60 0.077 0.011 0.0461087 0.0000018 
Gras2 2_01 0.000508 0.000035 0.000496 0.000037 1968.504 135.6253 2090 140 0.045 0.014 0.0461081 0.0000044 
2_02 0.04985 0.00036 0.04981 0.00037 20.06018 0.144868 20.09 0.15 0.0517 0.0012 0.05161 0.00036 
2_03 0.0454 0.0019 0.0453 0.002 22.02643 0.921811 22.7 1.2 0.0533 0.0015 0.051 0.00037 
2_04 0.000537 0.000025 0.000507 0.000029 1862.197 86.69448 2030 140 0.088 0.018 0.0461116 0.0000031 
2_05 0.000599 0.000039 0.000464 0.000046 1669.449 108.6953 2650 460 0.218 0.035 0.0461208 0.0000052 
2_06 0.00118 0.00014 0.00056 0.000055 847.4576 100.5458 1910 200 0.446 0.051 0.0673 0.0062 
2_07 0.00056 0.000032 0.000484 0.000034 1785.714 102.0408 2160 170 0.143 0.023 0.0461145 0.000004 
2_08 0.000509 0.000038 0.00046 0.00004 1964.637 146.6723 2140 170 0.11 0.024 0.0461082 0.0000047 
2_09 0.0114 0.0028 0.0113 0.0028 87.7193 21.54509 870 290 0.063 0.012 0.04753 0.00041 
2_10 0.000486 0.000024 0.00046 0.000025 2057.613 101.6105 2220 120 0.077 0.018 0.0461053 0.0000029 
2_11 0.000495 0.000034 0.000474 0.000036 2020.202 138.7614 2190 180 0.083 0.027 0.0461064 0.0000042 
2_12 0.04488 0.0003 0.04474 0.00032 22.28164 0.148941 22.37 0.16 0.0535 0.001 0.05166 0.00015 
Gras4 4_01 0.000485 0.000012 0.000479 0.000015 2061.856 51.01499 2120 68 0.0567 0.0072 0.0461052 0.0000015 
4_02 0.0005 0.000047 0.000473 0.000056 2000 188 2540 390 0.06 0.025 0.0461083 0.0000067 
4_03 0.000537 0.00002 0.000526 0.00002 1862.197 69.35558 1898 72 0.0508 0.0084 0.0461117 0.0000025 
4_04 0.000543 0.000029 0.000523 0.000033 1841.621 98.35543 1990 130 0.078 0.017 0.0461124 0.0000036 
4_05 0.0319 0.0029 0.0318 0.0029 31.34796 2.849815 34.3 3.6 0.0537 0.0013 0.04984 0.00038 
4_06 0.000719 0.00008 0.000579 0.000087 1390.821 154.7506 2050 360 0.197 0.043 0.046156 0.000029 
4_07 0.000555 0.000019 0.000545 0.000022 1801.802 61.6833 1863 78 0.0591 0.0095 0.0461139 0.0000024 
4_08 0.000474 0.000025 0.00045 0.000027 2109.705 111.2713 2260 140 0.077 0.016 0.0461039 0.0000031 
4_09 0.008 0.0014 0.008 0.0014 125 21.875 160 22 0.0553 0.0027 0.04698 0.00016 
4_10 0.000494 0.00003 0.000475 0.000038 2024.291 122.9327 2190 180 0.07 0.021 0.0461076 0.0000044 
4_11 0.000496 0.000046 0.000464 0.000057 2016.129 186.9797 2660 520 0.092 0.032 0.0461107 0.0000063 
4_12 0.000452 0.000026 0.000431 0.00003 2212.389 127.2613 2350 180 0.079 0.017 0.0461012 0.0000032 
4_13 0.0371 0.0011 0.037 0.0011 26.95418 0.799181 28 1.4 0.05398 0.00092 0.05071 0.0002 
4_14 0.000437 0.000041 0.000423 0.000043 2288.33 214.6945 2750 360 0.073 0.028 0.0461015 0.0000053 
Gras5 5_01 0.000541 0.000023 0.000538 0.000025 1848.429 78.58385 1895 89 0.0508 0.0087 0.0461121 0.0000028 
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Sample ID 
Uncorrected 
206Pb/238U 
Common Pb 
corrected 206Pb/238U 
Uncorrected 
238U/206Pb 
Common Pb 
corrected 
238U/206Pb 
Uncorrected 
207Pb/206Pb 
Common Pb 
corrected 207Pb/206Pb 
ratio ± ratio ± ratio ± ratio ± ratio ± ratio ± 
5_02 0.000555 0.000031 0.000529 0.000034 1801.802 100.6412 1950 130 0.081 0.014 0.0461136 0.0000038 
5_03 0.118 0.013 0.102 0.011 8.474576 0.93364 11 1.2 0.1689 0.0011 0.063 0.0021 
5_04 0.01143 0.00034 0.01113 0.00033 87.48906 2.602474 90.7 2.8 0.072 0.0067 0.047473 0.000043 
5_05 0.000519 0.000032 0.000496 0.000038 1926.782 118.7997 2250 250 0.075 0.022 0.0461094 0.000004 
5_06 0.000545 0.000013 0.000533 0.000014 1834.862 43.76736 1872 47 0.0559 0.0076 0.0461127 0.0000016 
5_07 0.000552 0.000023 0.000547 0.000025 1811.594 75.48309 1861 85 0.0479 0.0076 0.0461134 0.0000028 
5_08 0.0048 0.0012 0.0049 0.0013 208.3333 52.08333 870 220 0.0607 0.0095 0.04664 0.00016 
5_09 0.0309 0.0066 0.0285 0.0061 32.36246 6.91237 380 180 0.1119 0.0046 0.05015 0.0009 
5_10 0.000572 0.000028 0.000551 0.000032 1748.252 85.57876 1830 110 0.07 0.015 0.046116 0.0000035 
5_11 0.000589 0.000027 0.000547 0.000024 1697.793 77.82752 1871 92 0.101 0.02 0.0461181 0.0000033 
5_12 0.000519 0.000025 0.000506 0.000028 1926.782 92.81225 2010 110 0.069 0.015 0.0461095 0.0000031 
5_13 0.000532 0.00004 0.000495 0.000041 1879.699 141.3308 2010 150 0.064 0.02 0.0461119 0.0000055 
5_14 0.000561 0.00003 0.000546 0.000033 1782.531 95.32252 1850 120 0.064 0.017 0.0461146 0.0000038 
5_15 0.00109 0.00021 0.000542 0.000045 917.4312 176.7528 2470 730 0.373 0.071 0.0635 0.0065 
5_16 0.3104 0.0012 0.3069 0.0014 3.221649 0.012455 3.26 0.015 0.11648 0.0006 0.10665 0.00039 
5_17 0.000608 0.000039 0.000575 0.000043 1644.737 105.5012 1847 93 0.081 0.014 0.0461204 0.0000048 
5_18 0.00098 0.000099 0.000552 0.000057 1020.408 103.082 1990 260 0.338 0.048 0.06 0.0058 
5_19 0.04917 0.0003 0.04904 0.00032 20.3376 0.124085 20.37 0.13 0.0535 0.0011 0.05207 0.00024 
5_20 0.000532 0.000018 0.000503 0.00002 1879.699 63.59885 1971 79 0.0705 0.0097 0.046111 0.0000022 
5_21 0.000535 0.000025 0.000511 0.000025 1869.159 87.34387 1963 96 0.073 0.014 0.0461115 0.0000031 
5_22 0.0351 0.0012 0.0347 0.0013 28.49003 0.974018 29.2 1.1 0.0543 0.0013 0.05051 0.00017 
5_23 0.000537 0.000031 0.000513 0.000034 1862.197 107.5012 2010 140 0.076 0.014 0.0461116 0.0000038 
5_24 0.225 0.019 0.219 0.019 4.444444 0.375309 13.4 9.9 0.1147 0.0016 0.0847 0.0043 
5_25 0.000702 0.000093 0.00066 0.000091 1424.501 188.716 1660 160 0.084 0.016 0.046132 0.000011 
5_26 0.00077 0.0001 0.000584 0.000054 1298.701 168.6625 1700 170 0.194 0.033 0.046162 0.000024 
5_27 0.00105 0.00029 0.00102 0.00029 952.381 263.0385 1490 220 0.066 0.013 0.046175 0.000036 
5_28 0.0037 0.0013 0.003 0.0013 270.2703 94.95982 1520 540 0.392 0.06 0.0612 0.0055 
5_29 0.089 0.013 0.082 0.012 11.23596 1.641207 15.1 2.4 0.1124 0.002 0.0589 0.0021 
5_30 0.000552 0.000032 0.00051 0.000041 1811.594 105.02 2090 190 0.081 0.017 0.0461119 0.0000042 
5_31 0.000515 0.00002 0.000515 0.000022 1941.748 75.40767 1940 87 0.049 0.0081 0.046109 0.0000025 
5_32 0.000592 0.000043 0.000503 0.00004 1689.189 122.6945 2080 160 0.154 0.031 0.0461197 0.0000061 
5_33 0.000567 0.000032 0.000527 0.000037 1763.668 99.53684 1930 140 0.094 0.019 0.0461146 0.000004 
5_34 0.0321 0.001 0.0318 0.001 31.15265 0.970488 31.8 1.1 0.0553 0.0019 0.05009 0.00015 
Gras7 7_01 0.00282 0.00077 0.00087 0.00015 354.6099 96.82612 1460 220 0.43 0.082 0.0741 0.0079 
7_02 0.00144 0.00019 0.000565 0.000033 694.4444 91.62809 1840 100 0.535 0.034 0.0731 0.0071 
7_03 0.00339 0.00049 0.000834 0.000093 294.9853 42.63799 1290 140 0.725 0.022 0.1043 0.0018 
7_04 0.000517 0.000012 0.000497 0.000014 1934.236 44.89523 2018 55 0.0721 0.0092 0.0461092 0.0000015 
7_05 0.000534 0.000016 0.000513 0.000018 1872.659 56.10964 1964 68 0.0711 0.0093 0.0461113 0.0000019 
7_06 0.0006 0.000041 0.000561 0.000047 1666.667 113.8889 1880 120 0.075 0.017 0.0461194 0.000005 
7_07 0.04955 0.00039 0.04952 0.0004 20.18163 0.158846 20.21 0.16 0.05322 0.00076 0.0524 0.00012 
7_08 0.05075 0.00061 0.0496 0.00044 19.70443 0.236842 20.14 0.18 0.0632 0.0039 0.05269 0.00017 
7_09 0.000545 0.000013 0.000535 0.000015 1834.862 43.76736 1867 51 0.0616 0.0069 0.0461126 0.0000017 
7_10 0.000546 0.000015 0.000527 0.000018 1831.502 50.31598 1919 63 0.0675 0.0067 0.0461128 0.0000018 
Gras10 10_01 0.000507 0.00002 0.000494 0.000021 1972.387 77.80618 2034 82 0.0566 0.0082 0.046108 0.0000024 
10_02 0.000537 0.000027 0.000523 0.000031 1862.197 93.63004 1880 100 0.056 0.01 0.0461117 0.0000034 
10_03 0.000516 0.000029 0.000492 0.00003 1937.984 108.9177 2090 130 0.078 0.014 0.0461091 0.0000035 
10_04 0.00053 0.00002 0.00052 0.000019 1886.792 71.19972 1925 67 0.0542 0.0068 0.0461107 0.0000025 
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Sample ID 
Uncorrected 
206Pb/238U 
Common Pb 
corrected 206Pb/238U 
Uncorrected 
238U/206Pb 
Common Pb 
corrected 
238U/206Pb 
Uncorrected 
207Pb/206Pb 
Common Pb 
corrected 207Pb/206Pb 
ratio ± ratio ± ratio ± ratio ± ratio ± ratio ± 
10_05 0.000572 0.000039 0.000496 0.000043 1748.252 119.199 2040 180 0.149 0.025 0.046116 0.0000048 
10_06 0.000552 0.000031 0.000537 0.000036 1811.594 101.7381 1930 130 0.066 0.016 0.0461135 0.0000038 
10_07 0.000565 0.000048 0.00047 0.000049 1769.912 150.3642 2260 230 0.153 0.037 0.0461151 0.0000059 
10_08 0.000542 0.000026 0.000525 0.00003 1845.018 88.50642 2000 130 0.084 0.014 0.0461123 0.0000032 
10_09 0.000541 0.000029 0.000492 0.000035 1848.429 99.08399 2120 150 0.115 0.023 0.0461122 0.000004 
10_10 0.000596 0.000043 0.000519 0.00005 1677.852 121.0531 2090 200 0.138 0.027 0.0461189 0.0000053 
10_11 0.000503 0.000025 0.000489 0.000027 1988.072 98.81071 2070 110 0.063 0.012 0.0461075 0.000003 
10_12 0.000602 0.000051 0.000515 0.00004 1661.13 140.7269 1970 180 0.123 0.031 0.046126 0.000012 
10_13 0.000583 0.000035 0.00057 0.000033 1715.266 102.9748 1840 120 0.08 0.02 0.0461174 0.0000049 
10_14 0.000541 0.000013 0.000536 0.000015 1848.429 44.41696 1872 55 0.0478 0.0064 0.0461121 0.0000016 
10_15 0.000539 0.000025 0.000527 0.000029 1855.288 86.0523 1860 100 0.058 0.011 0.0461119 0.0000031 
10_16 0.169 0.026 0.158 0.025 5.91716 0.910332 9.9 2.2 0.1312 0.0049 0.0755 0.0053 
10_17 0.000517 0.000032 0.000503 0.000034 1934.236 119.7206 2060 140 0.073 0.014 0.0461092 0.000004 
10_18 0.000531 0.000021 0.000518 0.000022 1883.239 74.47839 1905 75 0.058 0.0094 0.0461109 0.0000026 
10_19 0.000564 0.000044 0.00056 0.000049 1773.05 138.323 1900 170 0.049 0.016 0.046115 0.0000054 
10_20 0.000531 0.000029 0.000519 0.000029 1883.239 102.8511 1960 130 0.06 0.013 0.0461109 0.0000036 
10_21 0.036 0.011 0.0315 0.0095 27.77778 8.487654 230 120 0.166 0.0069 0.0511 0.0016 
10_22 0.000556 0.000016 0.000546 0.000017 1798.561 51.75716 1846 61 0.0518 0.0076 0.046114 0.000002 
10_23 0.000592 0.000041 0.0005 0.000034 1689.189 116.9878 2020 140 0.147 0.033 0.0461203 0.0000057 
10_24 0.000513 0.000028 0.000496 0.000029 1949.318 106.3955 2010 120 0.062 0.013 0.0461088 0.0000035 
10_25 0.0184 0.0034 0.0177 0.0033 54.34783 10.04253 101 36 0.1025 0.0035 0.0484 0.00044 
10_26 0.000632 0.000048 0.000567 0.000051 1582.278 120.173 1940 220 0.098 0.028 0.0461242 0.0000067 
10_27 0.00113 0.00014 0.000576 0.000039 884.9558 109.6405 1710 110 0.425 0.052 0.065 0.0064 
10_28 0.0286 0.0051 0.0254 0.0047 34.96503 6.235024 400 190 0.319 0.065 0.0649 0.006 
10_29 0.00054 0.000019 0.000495 0.000023 1851.852 65.15775 2016 95 0.1 0.016 0.046112 0.0000023 
Gras11 11_01 0.000467 0.000024 0.000443 0.000024 2141.328 110.0468 2230 130 0.057 0.013 0.046103 0.0000029 
11_02 0.000506 0.000033 0.000474 0.000033 1976.285 128.8881 2210 180 0.079 0.022 0.0461078 0.000004 
11_03 0.000464 0.000028 0.000464 0.000031 2155.172 130.0535 2150 130 0.039 0.013 0.0461027 0.0000034 
11_04 0.000454 0.000027 0.000427 0.00003 2202.643 130.9942 2540 200 0.107 0.022 0.0461018 0.0000033 
11_05 0.04083 0.00059 0.04073 0.00062 24.4918 0.35391 24.65 0.37 0.0545 0.0017 0.05123 0.00015 
11_06 0.000457 0.000028 0.000445 0.00003 2188.184 134.0682 2370 160 0.055 0.016 0.0461018 0.0000035 
11_07 0.000481 0.000029 0.000458 0.000031 2079.002 125.3452 2200 140 0.07 0.019 0.0461047 0.0000035 
11_08 0.000447 0.00003 0.000432 0.000034 2237.136 150.1434 2530 220 0.073 0.02 0.0461005 0.0000039 
11_09 0.000486 0.000024 0.000481 0.000024 2057.613 101.6105 2140 120 0.057 0.014 0.0461054 0.000003 
11_10 0.000459 0.000022 0.000445 0.000023 2178.649 104.4233 2300 120 0.062 0.011 0.046102 0.0000028 
11_11 0.016 0.0072 0.0036 0.0017 62.5 28.125 1970 450 0.446 0.097 0.078 0.013 
11_12 0.0007 0.00014 0.00053 0.00014 1428.571 285.7143 2290 240 0.185 0.046 0.04631 0.00037 
11_13 0.000465 0.000022 0.000445 0.000026 2150.538 101.7459 2300 140 0.06 0.014 0.0461028 0.0000027 
11_14 0.000474 0.000028 0.000431 0.000026 2109.705 124.6239 2410 160 0.111 0.027 0.0461039 0.0000034 
11_15 0.000495 0.000033 0.000485 0.000034 2020.202 134.6801 2130 160 0.058 0.016 0.0461065 0.000004 
11_16 0.000521 0.000066 0.000471 0.000047 1919.386 243.1468 2220 220 0.102 0.034 0.0461066 0.0000055 
11_17 0.000514 0.000022 0.00051 0.000024 1945.525 83.27151 2030 100 0.059 0.011 0.0461094 0.0000029 
11_18 0.0124 0.0012 0.0113 0.0011 80.64516 7.80437 95 12 0.1202 0.0091 0.0476 0.00015 
11_19 0.000489 0.000027 0.000472 0.000027 2044.99 112.9135 2200 130 0.069 0.014 0.0461058 0.0000034 
11_20 0.000466 0.000025 0.000449 0.000028 2145.923 115.1246 2230 160 0.061 0.015 0.0461029 0.0000031 
11_21 0.00049 0.000038 0.000462 0.000037 2040.816 158.2674 2290 210 0.057 0.022 0.0461058 0.0000047 
11_22 0.000488 0.000026 0.000474 0.000028 2049.18 109.1776 2210 150 0.068 0.015 0.0461056 0.0000032 
11_23 0.000451 0.000023 0.000448 0.000025 2217.295 113.0771 2310 140 0.047 0.014 0.0461011 0.0000028 
  Appendix C 
225 
Sample ID 
Uncorrected 
206Pb/238U 
Common Pb 
corrected 206Pb/238U 
Uncorrected 
238U/206Pb 
Common Pb 
corrected 
238U/206Pb 
Uncorrected 
207Pb/206Pb 
Common Pb 
corrected 207Pb/206Pb 
ratio ± ratio ± ratio ± ratio ± ratio ± ratio ± 
11_24 0.00127 0.00056 0.00053 0.000093 787.4016 347.2007 2340 440 0.282 0.076 0.0534 0.0048 
11_25 0.000514 0.000024 0.000473 0.000027 1945.525 90.84165 2150 120 0.101 0.012 0.0461088 0.000003 
11_26 0.000439 0.000027 0.000429 0.00003 2277.904 140.0989 2380 160 0.047 0.017 0.0460996 0.0000033 
11_27 0.000461 0.000029 0.000443 0.000033 2169.197 136.4571 2300 180 0.074 0.021 0.0461023 0.0000036 
11_28 0.000446 0.000022 0.000438 0.000025 2242.152 110.5994 2310 150 0.065 0.015 0.0461005 0.0000027 
11_29 0.000474 0.000026 0.000457 0.000029 2109.705 115.7222 2280 160 0.078 0.018 0.0461039 0.0000032 
11_30 0.000507 0.000018 0.000518 0.000021 1972.387 70.02556 1950 81 0.0397 0.0097 0.046108 0.0000023 
11_31 0.2092 0.0049 0.2013 0.0051 4.780115 0.111963 5.01 0.13 0.1121 0.001 0.0812 0.0011 
11_32 0.000518 0.000042 0.000495 0.000046 1930.502 156.5272 2230 230 0.061 0.018 0.0461093 0.0000052 
11_33_1 0.000467 0.000034 0.000453 0.000038 2141.328 155.8997 2300 180 0.064 0.015 0.046103 0.0000042 
11_34 0.00128 0.00019 0.000571 0.000056 781.25 115.9668 1830 220 0.429 0.07 0.0696 0.0068 
11_35 0.000496 0.000025 0.000484 0.000027 2016.129 101.6194 2100 110 0.057 0.015 0.0461067 0.000003 
11_36 0.000477 0.000038 0.000448 0.000043 2096.436 167.0117 2630 320 0.126 0.028 0.0461072 0.0000052 
11_37 0.000457 0.00003 0.00045 0.000034 2188.184 143.6445 2340 200 0.054 0.016 0.0461018 0.0000037 
11_38 0.03725 0.00038 0.03716 0.00038 26.84564 0.273862 26.87 0.27 0.0526 0.0015 0.05062 0.00016 
11_39 0.000456 0.000013 0.000454 0.000014 2192.982 62.51924 2228 68 0.0487 0.0073 0.0461017 0.0000016 
11_40 0.000475 0.000027 0.000448 0.000031 2105.263 119.6676 2320 180 0.077 0.019 0.0461047 0.0000039 
11_41 0.000459 0.000028 0.000444 0.000032 2178.649 132.9023 2340 160 0.07 0.017 0.0461021 0.0000035 
11_42 0.000426 0.000025 0.000414 0.000027 2347.418 137.7593 2540 200 0.07 0.017 0.0460979 0.0000031 
Gras11 
(tape 
mount) 11t_01 0.000538 0.000037 0.000481 0.000043 1858.736 127.8313 2180 210 0.129 0.025 0.0461118 0.0000046 
11t_02 0.000454 0.000027 0.000444 0.000029 2202.643 130.9942 2310 140 0.058 0.013 0.0461015 0.0000033 
11t_03 0.00085 0.000071 0.000507 0.000063 1176.471 98.2699 1900 2700 0.342 0.043 0.0527 0.0041 
11t_04 0.000549 0.000033 0.00043 0.000035 1821.494 109.4887 2530 250 0.198 0.036 0.0461153 0.0000048 
Gras12 12_01 0.04483 0.00028 0.04449 0.00032 22.30649 0.139322 22.44 0.17 0.0567 0.0012 0.051948 0.000049 
12_02 0.000482 0.000021 0.00048 0.000021 2074.689 90.39101 2114 96 0.0584 0.0097 0.0461049 0.0000025 
12_03 0.000514 0.000015 0.000494 0.000018 1945.525 56.77603 2059 80 0.078 0.01 0.0461088 0.0000019 
12_04 0.000497 0.000037 0.00047 0.000044 2012.072 149.7921 2350 240 0.112 0.031 0.0461101 0.0000059 
12_05 0.00077 0.00013 0.00073 0.00011 1298.701 219.2613 1650 170 0.082 0.012 0.046141 0.000016 
12_06 0.000492 0.000026 0.00048 0.00003 2032.52 107.4096 2150 140 0.054 0.012 0.0461061 0.0000032 
12_07 0.03373 0.00044 0.03367 0.00045 29.6472 0.386741 29.78 0.4 0.0517 0.0013 0.05016 0.00017 
12_08 0.000508 0.000035 0.000485 0.000035 1968.504 135.6253 2210 190 0.087 0.022 0.0461096 0.000005 
12_09_1 0.0032 0.0014 0.0029 0.0012 312.5 136.7188 1020 160 0.109 0.01 0.04645 0.00017 
12_10 0.000519 0.000041 0.000461 0.000045 1926.782 152.2121 2390 250 0.109 0.024 0.0461111 0.0000057 
12_11 0.002699 0.000099 0.002513 0.000097 370.5076 13.59031 401 15 0.0857 0.0059 0.046379 0.000012 
12_12 0.00107 0.00016 0.00051 0.000062 934.5794 139.7502 2340 340 0.377 0.07 0.0658 0.0067 
12_13 0.0392 0.0063 0.0376 0.006 25.5102 4.099854 39.3 6.8 0.0866 0.0022 0.05129 0.00088 
12_14 0.0296 0.0029 0.0278 0.0027 33.78378 3.309898 41.2 5.6 0.0972 0.0017 0.04982 0.00039 
12_15 0.0005 0.000013 0.00049 0.000014 2000 52 2040 53 0.0572 0.0064 0.0461065 0.0000021 
12_16 0.00141 0.00012 0.000577 0.000084 709.2199 60.35914 1700 530 0.569 0.05 0.0773 0.0063 
12_17 0.000507 0.000029 0.000482 0.000033 1972.387 112.819 2110 140 0.07 0.016 0.046108 0.0000036 
12_18 0.0118 0.0023 0.0116 0.0023 84.74576 16.51824 640 230 0.108 0.027 0.04748 0.00029 
12_19 0.000573 0.000037 0.000531 0.000039 1745.201 112.6918 2050 180 0.108 0.022 0.0461165 0.0000048 
12_20 0.000722 0.000097 0.000474 0.000053 1385.042 186.079 2360 420 0.272 0.062 0.0539 0.0048 
12_21 0.4257 0.0032 0.4219 0.0045 2.349072 0.017658 2.371 0.025 0.1541 0.0014 0.1467 0.0016 
12_22 0.000523 0.000021 0.000509 0.000022 1912.046 76.77431 1951 85 0.064 0.01 0.0461099 0.0000026 
12_23 0.0364 0.0028 0.0362 0.0028 27.47253 2.113271 30.9 3.3 0.0558 0.0012 0.05079 0.00039 
Appendix C 
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206Pb/238U 
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corrected 206Pb/238U 
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238U/206Pb 
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corrected 207Pb/206Pb 
ratio ± ratio ± ratio ± ratio ± ratio ± ratio ± 
12_24 0.000523 0.000058 0.000491 0.000064 1912.046 212.0433 2080 270 0.061 0.03 0.04611 0.0000072 
12_25 0.000491 0.000024 0.000471 0.000026 2036.66 99.5516 2120 120 0.41 0.68 0.046106 0.0000031 
12_26 0.000581 0.000025 0.000507 0.000023 1721.17 74.06069 1958 87 0.135 0.016 0.046117 0.0000031 
12_27 0.000524 0.000049 0.000484 0.000049 1908.397 178.457 2460 360 0.066 0.026 0.0461116 0.0000067 
12_28 0.00155 0.00033 0.000574 0.000073 645.1613 137.3569 2060 260 0.395 0.081 0.073 0.0072 
12_29 0.000524 0.000039 0.000487 0.000042 1908.397 142.0372 2220 230 0.092 0.023 0.0461132 0.0000057 
12_30 0.000722 0.000063 0.000473 0.00005 1385.042 120.8554 2500 380 0.336 0.054 0.0531 0.0041 
Gras14 14_01 0.00048 0.000031 0.000468 0.000033 2083.333 134.5486 2150 140 0.055 0.015 0.0461046 0.0000038 
14_02 0.000496 0.00002 0.000492 0.000021 2016.129 81.29553 2060 89 0.0514 0.007 0.0461066 0.0000024 
14_03 0.3167 0.0025 0.3153 0.0028 3.157562 0.024926 3.167 0.03 0.11364 0.0005 0.11023 0.00095 
14_04 0.00092 0.00013 0.00071 0.00013 1086.957 153.5917 1790 420 0.262 0.068 0.0468 0.0012 
14_05 0.000494 0.00001 0.000488 0.000011 2024.291 40.97756 2062 47 0.0513 0.0065 0.0461063 0.0000012 
14_06 0.000491 0.000021 0.000463 0.000017 2036.66 87.10765 2172 76 0.078 0.012 0.0461074 0.0000038 
14_07 0.000499 0.000021 0.00049 0.000022 2004.008 84.33701 2084 96 0.053 0.013 0.046107 0.0000026 
14_08 0.00053 0.000049 0.000452 0.000044 1886.792 174.4393 2290 210 0.127 0.032 0.0461129 0.0000072 
14_09 0.000483 0.000039 0.00048 0.000047 2070.393 167.1746 2550 360 0.071 0.029 0.0461065 0.000005 
14_10 0.000517 0.000031 0.000481 0.000038 1934.236 115.9793 2170 170 0.089 0.028 0.0461093 0.0000039 
Gras15 15_01 0.00056 0.00001 0.000558 0.000011 1785.714 31.88776 1799 36 0.0527 0.0051 0.0461146 0.0000013 
15_02 0.03525 0.00029 0.03479 0.00032 28.36879 0.233389 28.71 0.27 0.0568 0.0013 0.050615 0.000039 
15_03 0.00074 0.00013 0.000562 0.000037 1351.351 237.3996 1820 130 0.138 0.046 0.0476 0.0021 
15_04 0.00056 0.000014 0.000558 0.000014 1785.714 44.64286 1796 46 0.0494 0.0049 0.0461145 0.0000017 
15_05 0.04638 0.00031 0.04597 0.00033 21.56102 0.144112 21.72 0.16 0.0581 0.0017 0.05207 0.00011 
15_06 0.0507 0.00031 0.05063 0.00032 19.72387 0.1206 19.76 0.13 0.05428 0.0008 0.052691 0.000074 
15_07 0.000599 0.000039 0.000548 0.000043 1669.449 108.6953 1840 150 0.093 0.022 0.0461193 0.0000048 
15_08 0.000537 0.000036 0.000517 0.000038 1862.197 124.84 2030 160 0.077 0.021 0.0461147 0.0000052 
15_09 0.0388 0.001 0.0387 0.001 25.7732 0.664258 26.13 0.8 0.0529 0.0013 0.05082 0.00021 
15_10 0.000579 0.000022 0.000571 0.000023 1727.116 65.62443 1779 82 0.0495 0.0098 0.0461169 0.0000027 
15_11 0.000536 0.000034 0.000533 0.00004 1865.672 118.3448 1940 140 0.048 0.014 0.0461115 0.0000042 
15_12 0.000521 0.000023 0.000514 0.000024 1919.386 84.73296 1923 86 0.047 0.011 0.0461097 0.0000028 
15_13 0.0122 0.0039 0.0118 0.0038 81.96721 26.20263 1180 260 0.096 0.019 0.04764 0.00051 
15_14 0.000525 0.000039 0.000504 0.000043 1904.762 141.4966 2080 200 0.062 0.021 0.0461102 0.0000048 
15_15 0.481 0.002 0.481 0.002 2.079002 0.008644 2.0794 0.0086 0.1655 0.0011 0.16547 0.00073 
15_16 0.0584 0.0097 0.0536 0.0089 17.12329 2.844108 35 7.3 0.1139 0.0051 0.0542 0.0014 
15_17 0.000604 0.000047 0.000544 0.000052 1655.629 128.8321 1970 180 0.111 0.026 0.046142 0.000043 
15_18 0.000505 0.000033 0.000485 0.000041 1980.198 129.3991 2190 200 0.061 0.02 0.0461077 0.0000041 
15_19 0.00051 0.000034 0.000497 0.000038 1960.784 130.719 2110 170 0.066 0.019 0.0461083 0.0000042 
15_20 0.000542 0.000034 0.000517 0.000036 1845.018 115.7392 1960 140 0.06 0.014 0.0461123 0.0000042 
15_21 0.00062 0.000037 0.000563 0.000042 1612.903 96.2539 1800 130 0.081 0.019 0.0461219 0.0000046 
15_22 0.000536 0.000026 0.000536 0.000029 1865.672 90.499 1900 120 0.036 0.01 0.0461116 0.0000032 
15_23 0.04406 0.00051 0.04185 0.00032 22.69632 0.262713 23.89 0.18 0.0882 0.0063 0.051831 0.000072 
15_24 0.2557 0.0015 0.2553 0.0017 3.910833 0.022942 3.915 0.025 0.09312 0.00053 0.09242 0.00032 
15_25 0.000729 0.000036 0.00051 0.00003 1371.742 67.74035 1960 120 0.254 0.02 0.0461364 0.0000049 
15_26 0.4308 0.0019 0.4289 0.0026 2.321263 0.010238 2.331 0.015 0.1555 0.00083 0.1522 0.0013 
15_27 0.000619 0.000043 0.000597 0.000043 1615.509 112.2244 1765 84 0.068 0.011 0.0461217 0.0000053 
15_28 0.000516 0.000019 0.000509 0.000022 1937.984 71.35989 1944 82 0.0482 0.0084 0.0461091 0.0000024 
15_29 0.000618 0.000039 0.000543 0.000037 1618.123 102.1146 1970 150 0.126 0.021 0.0461217 0.0000049 
15_30 0.000533 0.000026 0.000514 0.000031 1876.173 91.52062 1940 110 0.066 0.016 0.046111 0.0000032 
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Gras16 16_01 0.000538 0.000042 0.000519 0.000043 1858.736 145.1058 2150 220 0.09 0.022 0.0461117 0.0000052 
16_02 0.000628 0.000039 0.000583 0.000038 1592.357 98.88839 1820 150 0.111 0.021 0.0461263 0.0000051 
16_03 0.000553 0.000036 0.000512 0.000037 1808.318 117.7205 2000 160 0.078 0.019 0.0461138 0.0000046 
16_04 0.3806 0.0031 0.3719 0.0028 2.62743 0.021401 2.686 0.021 0.1469 0.0021 0.1288 0.001 
16_05 0.000817 0.000037 0.000766 0.000039 1223.99 55.43163 1303 67 0.088 0.01 0.0461456 0.0000047 
16_06 0.000538 0.000029 0.00053 0.000035 1858.736 100.1921 1880 120 0.065 0.014 0.0461118 0.0000036 
16_07 0.000572 0.000043 0.000528 0.000049 1748.252 131.4245 1930 180 0.086 0.026 0.0461198 0.0000069 
16_08 0.4136 0.0052 0.4114 0.0057 2.417795 0.030398 2.439 0.035 0.1446 0.0019 0.1415 0.0018 
16_09 0.000524 0.00001 0.0005 0.000014 1908.397 36.41979 1992 57 0.0777 0.0087 0.0461101 0.0000012 
16_10 0.000515 0.000015 0.000507 0.000016 1941.748 56.55575 1967 67 0.0575 0.0074 0.0461089 0.0000018 
16_11 0.000543 0.000052 0.000528 0.000057 1841.621 176.3615 2380 440 0.087 0.033 0.0461173 0.0000069 
16_12 0.051 0.00037 0.05096 0.00039 19.60784 0.142253 19.62 0.15 0.0525 0.0014 0.05174 0.00039 
16_13 0.000539 0.000034 0.000528 0.000039 1855.288 117.0311 2110 230 0.066 0.02 0.0461136 0.0000051 
16_14 0.00378 0.00089 0.00355 0.00084 264.5503 62.28829 1050 230 0.087 0.01 0.04652 0.00011 
16_15 0.00051 0.000042 0.000458 0.000043 1960.784 161.4764 2230 220 0.079 0.023 0.0461083 0.0000052 
16_16 0.000529 0.000024 0.00052 0.000027 1890.359 85.76299 1935 90 0.056 0.013 0.0461107 0.0000029 
16_17 0.000524 0.000038 0.00046 0.00004 1908.397 138.3952 2230 180 0.115 0.032 0.0461101 0.0000047 
16_18 0.000558 0.000056 0.000537 0.000058 1792.115 179.8538 2220 320 0.036 0.019 0.0461142 0.000007 
16_19 0.000521 0.000035 0.000491 0.00004 1919.386 128.9415 2230 220 0.098 0.021 0.0461124 0.0000051 
16_20 0.00419 0.0007 0.00355 0.00067 238.6635 39.87218 850 220 0.128 0.023 0.04655 0.000094 
Gras17 17_01 0.415 0.0059 0.4057 0.0069 2.409639 0.034258 2.477 0.045 0.16159 0.00055 0.1416 0.0026 
17_02 0.04664 0.00041 0.04671 0.0005 21.44082 0.188481 21.45 0.23 0.053 0.0019 0.05156 0.00027 
17_03 0.00205 0.00015 0.00168 0.00012 487.8049 35.69304 624 45 0.179 0.017 0.046301 0.00002 
17_04 0.000577 0.000026 0.000486 0.000031 1733.102 78.09473 2090 150 0.165 0.021 0.0461191 0.0000038 
17_05 0.1026 0.0044 0.0929 0.0043 9.746589 0.417982 11.05 0.59 0.1376 0.0022 0.06078 0.00071 
17_06 0.000631 0.000029 0.000587 0.000032 1584.786 72.83486 1770 130 0.101 0.018 0.0461255 0.0000061 
17_07 0.00056 0.00003 0.000535 0.000033 1785.714 95.66327 1880 120 0.071 0.016 0.0461145 0.0000037 
17_08 0.0449 0.0029 0.0414 0.0027 22.27171 1.438485 24.6 1.8 0.1137 0.0015 0.05197 0.00041 
17_09 0.000513 0.000023 0.000491 0.000027 1949.318 87.39631 2060 120 0.082 0.014 0.0461086 0.0000028 
17_10 0.04999 0.00033 0.04994 0.00034 20.004 0.132053 20.04 0.13 0.05269 0.00094 0.05194 0.00026 
17_11 0.000517 0.000027 0.000513 0.00003 1934.236 101.0143 1980 120 0.052 0.014 0.0461088 0.0000033 
17_12 0.0379 0.0088 0.036 0.0084 26.38522 6.126385 670 250 0.0962 0.006 0.0512 0.0012 
17_13 0.0336 0.0014 0.0334 0.0015 29.7619 1.240079 30.8 1.3 0.0538 0.0017 0.05013 0.00021 
17_14 0.000548 0.000026 0.000524 0.000027 1824.818 86.57893 1930 100 0.071 0.013 0.0461131 0.0000032 
17_15 0.3008 0.0017 0.2977 0.0021 3.324468 0.018789 3.362 0.024 0.11166 0.00049 0.10353 0.00054 
17_16 0.000571 0.00003 0.000564 0.000032 1751.313 92.01297 1850 110 0.058 0.014 0.0461158 0.0000037 
17_17 0.000544 0.000019 0.000532 0.000023 1838.235 64.20307 1852 73 0.0557 0.0097 0.0461126 0.0000024 
17_18 0.405 0.002 0.401 0.0027 2.469136 0.012193 2.495 0.017 0.1477 0.00056 0.1394 0.0015 
17_19 0.00225 0.00078 0.0022 0.00077 444.4444 154.0741 1300 190 0.057 0.012 0.04637 0.00013 
17_20 0.0377 0.001 0.0378 0.001 26.5252 0.703586 26.78 0.83 0.0534 0.0011 0.05062 0.00018 
17_21 0.0041 0.0035 0.0026 0.0026 243.9024 208.2094 1700 190 0.38 0.15 0.0533 0.0054 
17_22 0.000604 0.00004 0.00052 0.000041 1655.629 109.6443 2010 180 0.149 0.022 0.04615 0.000058 
17_23 0.01027 0.00023 0.00932 0.00023 97.37098 2.180655 108 2.6 0.1193 0.004 0.047329 0.000029 
17_24 0.00496 0.00089 0.00441 0.00079 201.6129 36.17651 520 170 0.1286 0.0089 0.04666 0.00011 
17_25 0.000537 0.000025 0.000505 0.000026 1862.197 86.69448 1980 100 0.086 0.011 0.0461116 0.0000031 
17_26 0.000859 0.000081 0.000834 0.000079 1164.144 109.7738 1250 120 0.067 0.013 0.046151 0.00001 
17_27 0.000554 0.000035 0.000494 0.000035 1805.054 114.0377 2080 150 0.099 0.023 0.0461146 0.000005 
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17_28 0.137 0.0012 0.1326 0.0012 7.29927 0.063935 7.542 0.066 0.09265 0.00076 0.06668 0.00022 
17_29 0.000605 0.000055 0.000515 0.000053 1652.893 150.263 2090 230 0.129 0.032 0.0461233 0.0000076 
17_30 0.00059 0.00003 0.00059 0.00003 1694.915 86.18213 1733 92 0.046 0.011 0.0461182 0.0000037 
17_31 0.000517 0.000021 0.000526 0.000021 1934.236 78.56665 1925 81 0.0369 0.0078 0.0461092 0.0000026 
17_32 0.000523 0.000026 0.000528 0.00003 1912.046 95.05391 1920 110 0.056 0.017 0.0461102 0.0000032 
17_33 0.082 0.0048 0.0738 0.0045 12.19512 0.713861 15.1 1.5 0.1401 0.0035 0.05751 0.00073 
17_34 0.00085 0.00011 0.000582 0.000058 1176.471 152.2491 1780 770 0.249 0.065 0.0554 0.0048 
17_35 0.000556 0.000026 0.000534 0.000026 1798.561 84.10538 1891 93 0.0683 0.0098 0.046114 0.0000032 
17_36 0.000549 0.000029 0.000544 0.000032 1821.494 96.21733 1870 110 0.061 0.012 0.0461131 0.0000035 
17_37 0.0134 0.002 0.0126 0.0019 74.62687 11.13834 130 50 0.0811 0.0032 0.04773 0.00025 
17_38 0.035 0.0022 0.032 0.002 28.57143 1.795918 44 12 0.1156 0.0021 0.05059 0.00029 
17_39 0.1049 0.0044 0.0971 0.0037 9.532888 0.399854 10.46 0.38 0.1166 0.0055 0.06117 0.00073 
17_40 0.000497 0.000016 0.000485 0.000018 2012.072 64.77497 2060 75 0.059 0.0084 0.0461067 0.000002 
Gras18 18_01 0.000579 0.000042 0.00057 0.000047 1727.116 125.283 2230 480 0.078 0.022 0.0461184 0.0000053 
18_02 0.000554 0.000026 0.000536 0.00003 1805.054 84.71373 1880 110 0.065 0.011 0.0461137 0.0000032 
18_03 0.000529 0.00002 0.000527 0.000022 1890.359 71.46916 1925 81 0.0489 0.0094 0.0461107 0.0000024 
18_04 0.000596 0.000023 0.000572 0.000022 1677.852 64.74934 1755 68 0.074 0.01 0.046119 0.0000028 
18_05 0.000516 0.000021 0.000483 0.000022 1937.984 78.87146 2107 99 0.093 0.012 0.0461091 0.0000026 
18_06 0.0005 0.000015 0.000491 0.000017 2000 60 2042 71 0.0553 0.0087 0.0461071 0.0000019 
18_07 0.000617 0.000034 0.000546 0.000037 1620.746 89.31175 2150 270 0.162 0.035 0.046123 0.0000051 
18_08 0.000537 0.000027 0.000522 0.000031 1862.197 93.63004 1990 130 0.065 0.015 0.0461116 0.0000034 
18_09 0.000549 0.000028 0.000519 0.000032 1821.494 92.89949 1960 120 0.084 0.015 0.0461131 0.0000034 
18_10 0.000541 0.000024 0.000539 0.000026 1848.429 82.00054 1848 85 0.0473 0.0096 0.0461121 0.000003 
18_11 0.000537 0.00002 0.000509 0.000022 1862.197 69.35558 1990 89 0.076 0.011 0.0461116 0.0000024 
18_12 0.0257 0.0044 0.0235 0.0041 38.91051 6.661721 210 100 0.131 0.012 0.04943 0.00059 
18_13 0.000606 0.000034 0.000583 0.000037 1650.165 92.58352 1760 110 0.069 0.011 0.0461202 0.0000042 
18_14 0.000507 0.000018 0.000497 0.000019 1972.387 70.02556 2010 81 0.0544 0.0079 0.046108 0.0000022 
18_15 0.0083 0.0029 0.0072 0.0027 120.4819 42.0961 1250 250 0.106 0.011 0.0471 0.00038 
18_16 0.000542 0.00002 0.000517 0.000023 1845.018 68.08186 1965 92 0.076 0.014 0.0461122 0.0000024 
18_17 0.000584 0.000046 0.000584 0.000054 1712.329 134.8752 1790 170 0.05 0.02 0.0461174 0.0000057 
18_18 0.000524 0.000024 0.00051 0.000029 1908.397 87.40749 2020 120 0.083 0.015 0.0461101 0.0000029 
18_19 0.141 0.024 0.135 0.024 7.092199 1.207183 17.3 5.7 0.1124 0.0029 0.0698 0.0046 
18_20 0.000537 0.000022 0.000515 0.000024 1862.197 76.29114 1980 100 0.076 0.013 0.0461117 0.0000027 
18_21 0.000551 0.000019 0.000521 0.000018 1814.882 62.58214 1925 70 0.075 0.01 0.0461133 0.0000023 
18_22 0.2386 0.0045 0.23 0.0048 4.191115 0.079045 4.358 0.092 0.11415 0.00063 0.0879 0.001 
18_23 0.000528 0.000019 0.000497 0.000022 1893.939 68.15312 2038 94 0.09 0.014 0.0461106 0.0000023 
18_24 0.000598 0.00003 0.00059 0.000034 1672.241 83.89168 1770 100 0.064 0.012 0.0461192 0.0000037 
18_25 0.000501 0.000034 0.000473 0.00004 1996.008 135.4576 2180 200 0.087 0.023 0.0461072 0.0000041 
18_26 0.05994 0.00088 0.0575 0.00086 16.68335 0.244934 17.41 0.26 0.08638 0.0008 0.0541 0.00013 
18_27 0.000524 0.000017 0.000499 0.000017 1908.397 61.91364 2011 68 0.069 0.011 0.0461101 0.0000021 
18_28 0.000609 0.00004 0.000539 0.000035 1642.036 107.8513 1830 120 0.116 0.026 0.0461229 0.0000059 
18_29 0.000659 0.000048 0.000506 0.000028 1517.451 110.5275 2080 130 0.203 0.04 0.0461285 0.0000074 
18_30 0.00054 0.000023 0.000505 0.000023 1851.852 78.87517 1996 88 0.1 0.012 0.0461121 0.0000029 
18_31 0.000583 0.00002 0.000566 0.00002 1715.266 58.84274 1785 63 0.0638 0.0097 0.0461174 0.0000025 
18_32 0.000559 0.000029 0.000541 0.000032 1788.909 92.80564 1930 130 0.078 0.019 0.0461144 0.0000035 
18_33 0.000506 0.000024 0.000495 0.000026 1976.285 93.73682 2030 110 0.058 0.012 0.0461079 0.000003 
18_34 0.000591 0.000025 0.000489 0.000027 1692.047 71.57561 2060 110 0.171 0.02 0.0461183 0.0000031 
18_35 0.000532 0.000027 0.000515 0.000031 1879.699 95.39827 2060 140 0.079 0.016 0.046111 0.0000033 
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18_36 0.000608 0.000035 0.000559 0.000034 1644.737 94.68057 1840 110 0.112 0.019 0.0461209 0.0000042 
18_37 0.001147 0.000075 0.000537 0.000028 871.8396 57.00782 1920 110 0.493 0.03 0.0704 0.0061 
18_38 0.000671 0.000038 0.000485 0.000025 1490.313 84.39924 2140 130 0.235 0.025 0.0461268 0.0000045 
18_39 0.000559 0.00003 0.000509 0.000034 1788.909 96.00584 1940 130 0.095 0.021 0.0461144 0.0000037 
18_40 0.001036 0.000086 0.000556 0.000052 965.251 80.12701 2060 230 0.435 0.047 0.0637 0.0057 
Gras20 20_01 0.000488 0.000021 0.000462 0.000023 2049.18 88.18194 2170 110 0.078 0.013 0.0461056 0.0000025 
20_02 0.000507 0.000029 0.000492 0.000033 1972.387 112.819 2030 140 0.057 0.018 0.046108 0.0000036 
20_03 0.000495 0.000029 0.000485 0.000031 2020.202 118.3553 2060 130 0.057 0.017 0.0461064 0.0000035 
20_04 0.0125 0.0019 0.0119 0.0018 80 12.16 113 13 0.0913 0.0029 0.04763 0.00025 
20_05 0.000528 0.000014 0.00052 0.000014 1893.939 50.21809 1934 56 0.0618 0.007 0.0461106 0.0000017 
20_06 0.000557 0.000048 0.000494 0.000045 1795.332 154.7144 2100 200 0.117 0.036 0.0461141 0.000006 
20_07 0.000481 0.000034 0.000455 0.000038 2079.002 146.9565 2320 190 0.091 0.021 0.0461048 0.0000042 
20_08 0.000437 0.000026 0.000417 0.000032 2288.33 136.1478 2380 180 0.07 0.018 0.0460993 0.0000033 
20_09 0.000506 0.000034 0.000455 0.000033 1976.285 132.7938 2220 150 0.118 0.027 0.0461092 0.0000049 
20_10 0.000473 0.00002 0.000462 0.000024 2114.165 89.39386 2180 110 0.061 0.014 0.0461038 0.0000025 
20_11 0.01709 0.00039 0.01702 0.00039 58.51375 1.335305 59.2 1.4 0.0514 0.0014 0.048123 0.000069 
20_12a 0.000508 0.000015 0.000509 0.000017 1968.504 58.12512 1985 66 0.0463 0.0068 0.0461081 0.0000019 
20_12b 0.000507 0.000013 0.000502 0.000015 1972.387 50.57402 2016 64 0.0519 0.0078 0.046108 0.0000017 
20_13 0.000473 0.000017 0.000469 0.000019 2114.165 75.98479 2150 97 0.0477 0.0096 0.0461037 0.0000021 
20_14 0.000477 0.000026 0.000455 0.000028 2096.436 114.2711 2290 150 0.077 0.015 0.0461043 0.0000033 
20_15 0.000494 0.000022 0.000473 0.000024 2024.291 90.15063 2180 110 0.078 0.014 0.0461064 0.0000028 
20_16 0.0112 0.0018 0.0105 0.0018 89.28571 14.34949 217 74 0.109 0.013 0.04756 0.00023 
Gras22 22_01 0.000464 0.000022 0.000449 0.000022 2155.172 102.1849 2230 120 0.066 0.014 0.0461027 0.0000027 
22_02 0.000551 0.000032 0.000481 0.000028 1814.882 105.4015 2200 160 0.155 0.025 0.0461152 0.0000042 
22_03 0.000517 0.00002 0.000461 0.000023 1934.236 74.82538 2240 120 0.133 0.019 0.0461093 0.0000025 
22_04 0.000479 0.00003 0.000451 0.000031 2087.683 130.7526 2310 160 0.079 0.016 0.0461045 0.0000037 
22_05 0.000487 0.000034 0.000429 0.000033 2053.388 143.3577 2450 180 0.128 0.023 0.0461082 0.0000053 
22_06 0.000511 0.000021 0.000485 0.000026 1956.947 80.42249 2170 140 0.091 0.02 0.0461089 0.0000028 
22_07 0.000494 0.00003 0.000455 0.000035 2024.291 122.9327 2310 180 0.1 0.022 0.0461063 0.0000037 
22_08 0.000459 0.00003 0.000435 0.000031 2178.649 142.3954 2360 170 0.07 0.016 0.046102 0.0000037 
22_09 0.000593 0.000039 0.000485 0.000033 1686.341 110.906 2110 150 0.166 0.028 0.0461203 0.0000057 
22_10 0.000442 0.000028 0.000411 0.000031 2262.443 143.3222 2440 170 0.083 0.019 0.0461 0.0000035 
22_11 0.000475 0.00002 0.000462 0.000024 2105.263 88.64266 2240 130 0.075 0.016 0.0461051 0.0000028 
22_12 0.000492 0.000025 0.000467 0.000028 2032.52 103.2785 2200 130 0.09 0.017 0.0461062 0.0000031 
22_13a 0.000579 0.000033 0.000496 0.000033 1727.116 98.43665 2030 130 0.128 0.026 0.0461169 0.0000041 
22_13b 0.000526 0.000029 0.000491 0.000032 1901.141 104.8157 2060 140 0.086 0.017 0.0461103 0.0000036 
22_14 0.000605 0.000043 0.000498 0.000042 1652.893 117.4783 2310 250 0.183 0.035 0.0461212 0.0000057 
22_15 0.14 0.011 0.127 0.01 7.142857 0.561225 8.36 0.76 0.1468 0.002 0.0677 0.002 
22_16 0.0168 0.0024 0.0167 0.0024 59.52381 8.503401 189 94 0.0604 0.0065 0.04811 0.00031 
22_17 0.000496 0.000011 0.000489 0.000011 2016.129 44.71254 2030 47 0.0517 0.0052 0.0461065 0.0000014 
22_18 0.000467 0.000021 0.000451 0.000022 2141.328 96.29096 2270 120 0.066 0.012 0.0461031 0.0000026 
22_19 0.00052 0.000035 0.000476 0.000033 1923.077 129.4379 2160 150 0.114 0.021 0.0461096 0.0000043 
22_20 0.000564 0.000037 0.000513 0.000033 1773.05 116.3171 1990 120 0.116 0.026 0.046115 0.0000045 
22_21 0.000449 0.000022 0.000444 0.000026 2227.171 109.1264 2360 160 0.063 0.015 0.0461008 0.0000027 
22_22 0.000535 0.000031 0.000453 0.000031 1869.159 108.3064 2410 240 0.167 0.025 0.0461127 0.0000039 
22_23 0.000525 0.000055 0.000442 0.000045 1904.762 199.5465 2420 280 0.168 0.046 0.04657 0.00092 
Gras22 22t_01 0.0083 0.0024 0.0082 0.0023 120.4819 34.83815 820 240 0.058 0.0072 0.04709 0.0003 
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22t_02 0.000494 0.000024 0.000488 0.000026 2024.291 98.34615 2100 120 0.071 0.012 0.0461064 0.000003 
22t_03 0.000449 0.00002 0.000448 0.000022 2227.171 99.20586 2290 110 0.0443 0.009 0.0461008 0.0000024 
22t_04 0.000618 0.000027 0.000428 0.000026 1618.123 70.69469 2320 150 0.251 0.024 0.0461232 0.0000042 
22t_05 0.000468 0.000036 0.00047 0.000043 2136.752 164.3655 2200 180 0.084 0.022 0.0461055 0.0000048 
22t_06 0.000482 0.000035 0.000463 0.000035 2074.689 150.6517 2160 150 0.063 0.018 0.0461049 0.0000043 
22t_07 0.00216 0.00019 0.000727 0.000079 462.963 40.72359 1570 210 0.635 0.026 0.09895 0.00091 
22t_08 0.000829 0.000082 0.000517 0.000039 1206.273 119.3177 1930 140 0.317 0.059 0.0595 0.0061 
22t_09 0.000474 0.00003 0.000466 0.000032 2109.705 133.5256 2240 170 0.055 0.015 0.0461039 0.0000037 
22t_10 0.1737 0.0073 0.1658 0.0073 5.757052 0.241949 6.14 0.28 0.10878 0.00086 0.0738 0.0015 
22t_11 0.000515 0.000028 0.000486 0.00003 1941.748 105.5707 2110 130 0.079 0.018 0.0461089 0.0000034 
22t_12 0.000797 0.000063 0.000484 0.000051 1254.705 99.17995 2560 440 0.366 0.049 0.0587 0.005 
22t_13 0.00049 0.00003 0.000474 0.000033 2040.816 124.9479 2210 150 0.06 0.012 0.0461058 0.0000037 
22t_14 0.000494 0.000022 0.000468 0.000024 2024.291 90.15063 2180 120 0.085 0.016 0.0461063 0.0000027 
Gras24 24_01 0.000685 0.000067 0.000519 0.000045 1459.854 142.7886 2240 310 0.245 0.04 0.0461335 0.0000096 
24_02 0.000509 0.00002 0.000505 0.000019 1964.637 77.19593 1979 76 0.0509 0.0093 0.0461082 0.0000024 
24_03 0.000513 0.000024 0.000515 0.000026 1949.318 91.19615 2010 100 0.0438 0.0096 0.0461087 0.0000029 
24_04 0.000575 0.000041 0.000485 0.000027 1739.13 124.0076 2170 140 0.169 0.035 0.0461185 0.0000059 
24_05 0.000508 0.000015 0.00049 0.000017 1968.504 58.12512 2035 68 0.0685 0.009 0.046108 0.0000019 
24_06 0.000487 0.000032 0.000477 0.000033 2053.388 134.9249 2170 160 0.053 0.017 0.0461055 0.000004 
24_07 0.000504 0.000018 0.000501 0.00002 1984.127 70.86168 2014 82 0.0472 0.0079 0.0461076 0.0000022 
24_08 0.000516 0.000023 0.000503 0.000024 1937.984 86.38303 2009 98 0.061 0.011 0.0461091 0.0000028 
24_09 0.00051 0.000016 0.000488 0.000018 1960.784 61.5148 2067 77 0.084 0.0093 0.0461083 0.000002 
24_10 0.000555 0.000034 0.000485 0.000036 1801.802 110.3807 2250 200 0.141 0.023 0.0461144 0.0000043 
24_11 0.000566 0.000027 0.000478 0.000019 1766.784 84.28124 2097 82 0.165 0.025 0.0461153 0.0000034 
24_12 0.000579 0.000039 0.00048 0.000026 1727.116 116.3342 2060 110 0.158 0.032 0.0461168 0.0000049 
24_13 0.000473 0.000011 0.000452 0.000012 2114.165 49.16663 2222 59 0.0733 0.0096 0.0461038 0.0000014 
24_14 0.000498 0.000016 0.00049 0.000017 2008.032 64.51509 2030 75 0.051 0.01 0.0461069 0.0000019 
24_15 0.000529 0.00002 0.000502 0.000017 1890.359 71.46916 2021 73 0.09 0.012 0.0461107 0.0000025 
24_16 0.000492 0.000019 0.000463 0.000017 2032.52 78.49164 2161 75 0.079 0.012 0.0461061 0.0000024 
24_17 0.000513 0.000011 0.0005 0.000012 1949.318 41.79824 1998 52 0.0663 0.0083 0.0461087 0.0000014 
24_18 0.000539 0.000017 0.00051 0.000018 1855.288 58.51556 1960 72 0.087 0.01 0.046112 0.0000021 
24_19 0.0005 0.000013 0.000504 0.000014 2000 52 2006 54 0.0423 0.005 0.0461071 0.0000015 
24_20 0.000502 0.000017 0.000502 0.000018 1992.032 67.45925 2029 77 0.0516 0.0085 0.0461074 0.0000021 
24_21 0.000489 0.000017 0.000475 0.000018 2044.99 71.09371 2122 85 0.063 0.01 0.0461057 0.0000021 
24_22 0.000536 0.000022 0.000533 0.000024 1865.672 76.57607 1878 79 0.0467 0.0086 0.0461115 0.0000027 
24_23 0.000527 0.000015 0.000526 0.000017 1897.533 54.00948 1898 64 0.048 0.0085 0.0461104 0.0000019 
24_24 0.000505 0.000018 0.000504 0.000018 1980.198 70.58132 2024 76 0.0501 0.0056 0.0461072 0.0000022 
24_25 0.000513 0.000018 0.000511 0.000019 1949.318 68.39711 1985 75 0.0478 0.0089 0.0461087 0.0000022 
24_26 0.000508 0.000018 0.000501 0.00002 1968.504 69.75014 2004 76 0.0582 0.0083 0.0461081 0.0000022 
24_27 0.000543 0.000021 0.000539 0.000022 1841.621 71.2229 1889 82 0.0533 0.0079 0.0461124 0.0000026 
24_28 0.01524 0.0002 0.01513 0.00019 65.6168 0.861113 66.2 0.81 0.0547 0.0028 0.047957 0.000028 
24_29 0.000513 0.000023 0.000471 0.000022 1949.318 87.39631 2200 110 0.104 0.015 0.0461087 0.0000028 
24_30 0.000491 0.00002 0.000477 0.000024 2036.66 82.95967 2160 110 0.07 0.012 0.046106 0.0000024 
24_31 0.000506 0.000019 0.000473 0.000014 1976.285 74.20831 2127 69 0.098 0.015 0.0461079 0.0000023 
24_32 0.000485 0.000033 0.000447 0.000038 2061.856 140.2912 2340 190 0.102 0.027 0.0461066 0.0000047 
24_33 0.000543 0.000031 0.000526 0.000035 1841.621 105.1386 1950 130 0.058 0.018 0.0461125 0.0000038 
24_34 0.04029 0.00028 0.04021 0.00031 24.82005 0.17249 24.86 0.19 0.0497 0.0014 0.04998 0.0004 
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24_35 0.000561 0.000033 0.000491 0.00002 1782.531 104.8548 2068 93 0.146 0.023 0.0461146 0.000004 
24_36 0.05036 0.00042 0.05023 0.00044 19.85703 0.165607 19.88 0.17 0.0529 0.0012 0.05121 0.00048 
24_37 0.02282 0.00059 0.02261 0.0006 43.82121 1.132976 44.3 1.1 0.055 0.0014 0.048924 0.000095 
24_38 0.0647 0.0033 0.0606 0.0032 15.45595 0.788325 17.1 1.1 0.10387 0.00082 0.05483 0.00049 
24_39 0.000738 0.000078 0.000493 0.000032 1355.014 143.2128 2100 130 0.285 0.03 0.0461325 0.0000089 
24_40 0.000492 0.00002 0.000483 0.000022 2032.52 82.62278 2094 95 0.0588 0.0094 0.0461062 0.0000025 
24_41 0.000526 0.000027 0.00049 0.000031 1901.141 97.58707 2030 120 0.088 0.019 0.0461103 0.0000033 
24_42 0.000532 0.000015 0.000514 0.000016 1879.699 52.99904 1964 65 0.0688 0.008 0.046111 0.0000018 
EBG1 E1_01 0.000418 0.000035 0.000401 0.000043 2392.344 200.3159 2830 390 0.071 0.026 0.0461004 0.0000052 
E1_02 0.000442 0.000039 0.000426 0.000045 2262.443 199.6274 2610 320 0.064 0.025 0.0461019 0.0000054 
E1_03 0.000421 0.000041 0.000405 0.000046 2375.297 231.3235 2810 390 0.052 0.025 0.0460985 0.0000052 
E1_04 0.000526 0.000058 0.000468 0.000058 1901.141 209.6315 2580 420 0.153 0.045 0.0461159 0.0000079 
E1_05 0.000398 0.000039 0.000389 0.000046 2512.563 246.2059 2950 390 0.068 0.031 0.0460981 0.0000054 
E1_06 0.000433 0.000039 0.00042 0.000046 2309.469 208.0122 2770 390 0.068 0.028 0.046108 0.000016 
E1_07 0.000447 0.000026 0.000441 0.00003 2237.136 130.1243 2390 180 0.075 0.017 0.0461027 0.0000036 
E1_08 0.000498 0.000052 0.000444 0.000047 2008.032 209.674 2490 290 0.11 0.045 0.0461081 0.0000078 
E1_09 0.000451 0.000034 0.000436 0.000035 2217.295 167.1575 2530 260 0.065 0.021 0.0461028 0.0000047 
E1_10 0.000412 0.000039 0.000381 0.000046 2427.184 229.7578 3170 700 0.125 0.047 0.0461004 0.0000054 
E1_11 0.000425 0.000031 0.000417 0.000037 2352.941 171.6263 2500 230 0.056 0.023 0.0460979 0.0000039 
E1_12 0.00403 0.00024 0.00089 0.00015 248.139 14.77751 1250 480 0.764 0.029 0.106 0.001 
E1_13 0.000452 0.000042 0.00038 0.000051 2212.389 205.576 3110 710 0.181 0.045 0.0461053 0.0000078 
E1_14 0.000428 0.000036 0.000394 0.00004 2336.449 196.5237 2740 340 0.093 0.031 0.0460982 0.0000045 
E1_15 0.000459 0.000036 0.000438 0.000044 2178.649 170.8744 2420 230 0.087 0.026 0.0461044 0.0000049 
E1_16 0.000627 0.000067 0.000574 0.000066 1594.896 170.4275 1900 230 0.091 0.024 0.0461228 0.0000083 
E1_17 0.000563 0.000047 0.000536 0.000048 1776.199 148.2795 2010 190 0.083 0.018 0.0461142 0.0000058 
E1_18 0.000405 0.000034 0.000365 0.000042 2469.136 207.2855 3130 420 0.105 0.035 0.0460974 0.0000046 
E1_19 0.000571 0.000049 0.000447 0.000058 1751.313 150.2878 2910 530 0.267 0.046 0.0461251 0.0000081 
E1_20 0.000449 0.000028 0.00043 0.000031 2227.171 138.8882 2910 780 0.067 0.022 0.0461014 0.0000039 
E1_21 0.000444 0.000032 0.000422 0.000036 2252.252 162.3245 2550 240 0.082 0.024 0.0461002 0.000004 
E1_22 0.000456 0.00003 0.00044 0.000035 2192.982 144.2752 2280 170 0.054 0.019 0.0461016 0.0000037 
E1_23 0.00038 0.000038 0.000369 0.000046 2631.579 263.1579 3220 480 0.079 0.036 0.0460984 0.0000059 
E1_24 0.000413 0.000029 0.000402 0.000032 2421.308 170.0192 2670 230 0.059 0.018 0.0460963 0.0000036 
EBG1 
(tape 
mount) E1t_01 0.000473 0.000035 0.00044 0.000039 2114.165 156.4393 2670 400 0.094 0.031 0.046105 0.0000048 
E1t_02 0.000404 0.000031 0.000375 0.000032 2475.248 189.9324 2860 290 0.073 0.022 0.0460953 0.0000039 
E1t_03 0.000511 0.000039 0.000491 0.000039 1956.947 149.356 2170 220 0.054 0.019 0.0461084 0.0000048 
E1t_04 0.000488 0.000054 0.000472 0.000057 2049.18 226.7536 2490 390 0.046 0.021 0.0461056 0.0000067 
E1t_05 0.000653 0.000049 0.000411 0.000053 1531.394 114.9131 2650 350 0.301 0.034 0.0461279 0.0000065 
E1t_06 0.000466 0.000048 0.000438 0.000055 2145.923 221.0393 2550 730 0.115 0.043 0.0461057 0.0000059 
E1t_07 0.000368 0.000051 0.000337 0.000057 2717.391 376.595 4400 1700 0.122 0.054 0.046102 0.000015 
E1t_08 0.000401 0.000037 0.00038 0.00004 2493.766 230.0981 2750 280 0.075 0.028 0.046097 0.000005 
E1t_09 0.000584 0.00005 0.000504 0.000055 1712.329 146.6035 2090 250 0.148 0.034 0.0461175 0.0000062 
E1t_10 0.000482 0.000052 0.000461 0.000054 2074.689 223.8253 2420 350 0.058 0.026 0.0461065 0.0000077 
E1t_11 0.000391 0.000041 0.000392 0.000051 2557.545 268.1824 3260 620 0.083 0.043 0.0460968 0.000006 
E1t_12 0.000407 0.000037 0.000397 0.000043 2457.002 223.3639 3040 370 0.096 0.031 0.0460968 0.0000045 
E1t_13 0.000442 0.000046 0.000422 0.00005 2262.443 235.4579 2530 350 0.051 0.028 0.0461048 0.0000076 
E1t_14 0.00074 0.000059 0.000407 0.000072 1351.351 107.7429 3000 1200 0.477 0.067 0.0632 0.0062 
E1t_15 0.000419 0.000031 0.000416 0.000035 2386.635 176.5768 2640 290 0.057 0.025 0.0460979 0.0000041 
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E1t_16 0.00042 0.000031 0.000402 0.000034 2380.952 175.737 2760 300 0.073 0.031 0.0460973 0.0000039 
E1t_17 0.000427 0.000031 0.000399 0.000039 2341.92 170.0223 2590 270 0.079 0.026 0.0460981 0.0000038 
E1t_18 0.000404 0.000028 0.00038 0.000031 2475.248 171.5518 2880 270 0.087 0.023 0.0460953 0.0000034 
E1t_19 0.000454 0.000033 0.000404 0.000036 2202.643 160.104 2540 260 0.127 0.032 0.0461014 0.0000041 
E1t_20 0.00061 0.00013 0.000416 0.000051 1639.344 349.3684 2430 260 0.263 0.062 0.0504 0.0048 
E1t_21 0.000567 0.000045 0.000543 0.000052 1763.668 139.9737 2120 280 0.092 0.031 0.0461166 0.0000059 
E1t_22 0.000434 0.000041 0.000423 0.000048 2304.147 217.6729 2760 320 0.079 0.026 0.046102 0.0000056 
E1t_23 0.00045 0.000026 0.000436 0.000031 2222.222 128.3951 2400 190 0.059 0.018 0.0461018 0.0000038 
E1t_24 0.000454 0.000045 0.000436 0.000045 2202.643 218.3237 2400 270 0.067 0.021 0.0461014 0.0000055 
E1t_25 0.00044 0.000035 0.00042 0.000044 2272.727 180.7851 2740 360 0.092 0.029 0.0461012 0.000005 
E1t_26 0.000436 0.000039 0.000429 0.000047 2293.578 205.1595 2750 380 0.079 0.026 0.0461017 0.000005 
E1t_27 0.000427 0.000035 0.000415 0.000038 2341.92 191.9607 2530 230 0.042 0.018 0.0460981 0.0000043 
E1t_28 0.000453 0.000043 0.000446 0.000048 2207.506 209.5425 2600 340 0.06 0.028 0.0461037 0.0000057 
E1t_29 0.00158 0.00025 0.00063 0.000073 632.9114 100.1442 1870 310 0.54 0.056 0.0796 0.0067 
E1t_30 0.001015 0.000063 0.000468 0.000034 985.2217 61.15169 2140 150 0.525 0.031 0.0708 0.0066 
E1t_31 0.000442 0.00004 0.000423 0.000044 2262.443 204.746 2800 400 0.078 0.024 0.0461025 0.0000055 
E1t_32 0.000651 0.000047 0.000588 0.000047 1536.098 110.9011 1670 130 0.063 0.022 0.0461257 0.0000058 
E1t_33 0.00038 0.000039 0.000362 0.000045 2631.579 270.0831 3050 400 0.063 0.026 0.046093 0.0000054 
E1t_34 0.000948 0.000082 0.000416 0.000088 1054.852 91.2425 2990 710 0.481 0.059 0.0685 0.0086 
E1t_35 0.000466 0.000036 0.000466 0.000041 2145.923 165.7794 2380 290 0.056 0.024 0.0461029 0.0000044 
E1t_36 0.000393 0.000035 0.000368 0.000041 2544.529 226.612 3200 490 0.074 0.03 0.0460968 0.0000046 
E1t_37 0.000691 0.000063 0.00054 0.000069 1447.178 131.9424 2120 280 0.216 0.042 0.0461315 0.0000092 
E1t_38 0.000494 0.000048 0.000466 0.000058 2024.291 196.6923 2360 310 0.076 0.027 0.0461063 0.0000059 
E1t_39 0.000425 0.000036 0.000401 0.000041 2352.941 199.308 2950 490 0.068 0.026 0.0460979 0.0000044 
E1t_40 0.000405 0.000028 0.000391 0.000033 2469.136 170.7057 2650 230 0.055 0.019 0.0460954 0.0000035 
E1t_41 0.000413 0.000039 0.000411 0.00004 2421.308 228.6465 2810 350 0.047 0.019 0.0460983 0.0000054 
E1t_42 0.000439 0.000055 0.000414 0.000059 2277.904 285.3866 3480 820 0.084 0.032 0.0461012 0.000007 
E1t_43 0.001365 0.000073 0.000508 0.000061 732.6007 39.17938 2290 300 0.64 0.03 0.09786 0.00087 
E1t_44 0.000415 0.000036 0.000423 0.00004 2409.639 209.0289 2730 320 0.049 0.024 0.0460991 0.0000048 
E1t_45 0.000426 0.000045 0.000423 0.000052 2347.418 247.9667 2500 310 0.057 0.022 0.0460979 0.0000055 
E1t_46 0.00088 0.00015 0.000494 0.000088 1136.364 193.6983 2650 530 0.362 0.085 0.0659 0.0072 
E1t_47 0.00041 0.00002 0.000406 0.000023 2439.024 118.9768 2560 160 0.058 0.012 0.046096 0.0000025 
EBG4 E4_01 0.000434 0.000019 0.00042 0.000022 2304.147 100.8728 2430 130 0.069 0.014 0.046099 0.0000023 
E4_02 0.000477 0.000045 0.000431 0.000051 2096.436 197.777 3090 800 0.098 0.033 0.046107 0.000006 
E4_03 0.000493 0.000024 0.000402 0.000023 2028.398 98.74552 2520 140 0.173 0.022 0.0461062 0.000003 
E4_04 0.000462 0.000021 0.000447 0.000023 2164.502 98.38646 2250 120 0.066 0.013 0.0461025 0.0000026 
E4_05 0.00045 0.000022 0.000449 0.000024 2222.222 108.642 2270 120 0.0478 0.0093 0.0461009 0.0000028 
E4_06 0.000444 0.000014 0.000421 0.000017 2252.252 71.01696 2383 94 0.077 0.011 0.0461003 0.0000017 
E4_07 0.000422 0.000016 0.000386 0.000019 2369.668 89.84524 2620 130 0.098 0.014 0.0460975 0.000002 
E4_08_1 0.000441 0.00002 0.00042 0.000022 2267.574 102.8378 2450 130 0.079 0.013 0.0460998 0.0000024 
E4_09 0.00046 0.000018 0.000445 0.00002 2173.913 85.06616 2260 100 0.061 0.01 0.0461021 0.0000023 
E4_10 0.000511 0.00002 0.00044 0.000027 1956.947 76.59284 2300 140 0.152 0.019 0.0461085 0.0000025 
E4_11 0.000463 0.000025 0.000449 0.000028 2159.827 116.6213 2270 130 0.067 0.015 0.0461025 0.0000031 
E4_12 0.000606 0.000034 0.000431 0.000033 1650.165 92.58352 2360 170 0.255 0.043 0.0461213 0.0000045 
E4_13 0.001001 0.000033 0.000468 0.000037 999.001 32.9341 2280 190 0.501 0.029 0.0703 0.0058 
E4_14 0.000476 0.00002 0.000459 0.000023 2100.84 88.2706 2240 140 0.076 0.02 0.0461036 0.0000026 
E4_15 0.000447 0.000015 0.000441 0.000016 2237.136 75.07169 2299 84 0.0509 0.0089 0.0461005 0.0000018 
E4_16 0.00175 0.0003 0.000513 0.000071 571.4286 97.95918 2680 680 0.537 0.069 0.0797 0.0067 
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E4_17 0.000451 0.000024 0.000441 0.000027 2217.295 117.9935 2420 170 0.065 0.015 0.0461009 0.000003 
EBG4 
(tape 
mount) E4t_01 0.000443 0.000028 0.000419 0.000032 2257.336 142.6759 2500 180 0.094 0.016 0.0461001 0.0000035 
E4t_02 0.000405 0.000031 0.000398 0.000035 2469.136 188.9956 2650 210 0.063 0.018 0.0460954 0.0000039 
E4t_03 0.000496 0.000036 0.000448 0.00002 2016.129 146.3319 2250 100 0.123 0.041 0.0461127 0.0000073 
E4t_04 0.000459 0.000025 0.000463 0.000031 2178.649 118.6628 2230 150 0.054 0.015 0.046102 0.0000031 
E4t_05 0.000468 0.000022 0.000437 0.00003 2136.752 100.4456 2340 170 0.079 0.025 0.0461031 0.0000027 
E4t_06 0.000476 0.000014 0.000468 0.000018 2100.84 61.78942 2144 81 0.0489 0.0069 0.0461041 0.0000018 
E4t_07 0.000474 0.000043 0.000443 0.000042 2109.705 191.3867 2570 330 0.095 0.026 0.0461074 0.0000064 
E4t_08 0.0021 0.00011 0.00072 0.00013 476.1905 24.94331 2060 900 0.634 0.04 0.09924 0.00095 
E4t_09 0.00045 0.00003 0.000438 0.000032 2222.222 148.1481 2280 150 0.045 0.016 0.0461009 0.0000037 
E4t_10 0.000581 0.000028 0.000399 0.000021 1721.17 82.94797 2530 150 0.274 0.027 0.0461187 0.0000044 
E4t_11 0.000507 0.000049 0.000481 0.000052 1972.387 190.6251 2320 330 0.066 0.028 0.0461079 0.000006 
E4t_12 0.000471 0.000026 0.000461 0.000027 2123.142 117.2011 2220 140 0.0457 0.0085 0.0461036 0.0000032 
E4t_13 0.000471 0.000035 0.000475 0.000036 2123.142 157.7707 2220 190 0.042 0.017 0.0461064 0.0000054 
E4t_14 0.00044 0.000025 0.000423 0.000026 2272.727 129.1322 2380 150 0.058 0.014 0.0460998 0.0000031 
E4t_15 0.000526 0.000029 0.000465 0.000033 1901.141 104.8157 2210 160 0.125 0.023 0.0461103 0.0000036 
E4t_16 0.000424 0.000016 0.00042 0.00002 2358.491 88.99964 2460 130 0.067 0.015 0.0460985 0.0000023 
E4t_17 0.000437 0.000023 0.000404 0.000026 2288.33 120.4384 2510 160 0.099 0.015 0.0460994 0.0000028 
E4t_18 0.000447 0.000023 0.000446 0.000025 2237.136 115.1099 2280 130 0.044 0.011 0.0461006 0.0000028 
E4t_19 0.000426 0.00002 0.000423 0.000022 2347.418 110.2074 2400 130 0.057 0.01 0.046098 0.0000025 
E4t_20 0.000455 0.000028 0.000449 0.000032 2197.802 135.2494 2310 170 0.055 0.015 0.0461015 0.0000035 
E4t_21 0.000466 0.000018 0.000426 0.000019 2145.923 82.88972 2340 100 0.111 0.019 0.0461029 0.0000022 
E4t_22 0.000438 0.000021 0.000442 0.000025 2283.105 109.4639 2280 120 0.043 0.01 0.0460995 0.0000026 
E4t_23 0.000445 0.000026 0.000433 0.000028 2247.191 131.2966 2380 170 0.078 0.015 0.0461003 0.0000032 
E4t_24 0.00127 0.0001 0.000565 0.000066 787.4016 62.00012 2120 350 0.51 0.042 0.0731 0.0073 
E4t_25 0.000587 0.000054 0.000497 0.00006 1703.578 156.7175 2320 350 0.154 0.05 0.0467 0.0011 
E4t_26 0.000452 0.000017 0.000443 0.000017 2212.389 83.20934 2267 85 0.0556 0.0069 0.0461012 0.0000021 
E4t_27 0.000423 0.00002 0.000424 0.00002 2364.066 111.7762 2370 120 0.049 0.012 0.0460976 0.0000025 
E4t_28 0.000948 0.000075 0.000479 0.000051 1054.852 83.45351 2350 390 0.431 0.064 0.0678 0.0068 
E4t_29 0.000439 0.000019 0.000433 0.000021 2277.904 98.58811 2280 120 0.048 0.014 0.0460995 0.0000023 
E4t_30 0.000668 0.000043 0.000455 0.000028 1497.006 96.36416 2260 130 0.271 0.033 0.0461307 0.0000086 
E4t_31 0.00045 0.000023 0.000434 0.000029 2222.222 113.5802 2310 140 0.078 0.035 0.0461043 0.0000071 
E4t_32 0.00079 0.0001 0.000425 0.000048 1265.823 160.2307 2650 440 0.382 0.073 0.0652 0.0066 
E4t_33 0.000541 0.000032 0.00044 0.000037 1848.429 109.3341 2320 200 0.165 0.033 0.0461122 0.000004 
E4t_34 0.000456 0.000024 0.000418 0.000026 2192.982 115.4201 2390 150 0.102 0.021 0.0461017 0.000003 
E4t_35 0.000441 0.000037 0.000421 0.000041 2267.574 190.2499 2720 380 0.062 0.023 0.0460999 0.0000046 
E4t_36 0.000396 0.000041 0.000368 0.000041 2525.253 261.4529 2930 370 0.057 0.026 0.0460942 0.0000051 
E4t_37 0.00072 0.000087 0.000516 0.000088 1388.889 167.8241 2250 300 0.28 0.054 0.048 0.0026 
E4t_38 0.000442 0.000032 0.000413 0.000033 2262.443 163.7968 2480 200 0.072 0.022 0.0460999 0.0000039 
E4t_39 0.000427 0.0000086 0.0004245 0.0000099 2340.276 47.10128 2370 54 0.0514 0.0059 0.0460981 0.0000011 
E4t_40 0.000494 0.00004 0.00043 0.000049 2024.291 163.9102 2480 300 0.139 0.032 0.0461063 0.0000049 
KRM K_01 0.000481 0.000014 0.000473 0.000015 2079.002 60.5115 2110 72 0.0554 0.0067 0.0461047 0.0000017 
K_02 0.000523 0.000019 0.000517 0.00002 1912.046 69.46247 1942 79 0.0468 0.0087 0.04611 0.0000023 
K_03 0.000537 0.000013 0.000525 0.000014 1862.197 45.08113 1901 55 0.0596 0.0073 0.0461116 0.0000016 
K_04 0.000499 0.000014 0.00049 0.000017 2004.008 56.22467 2072 69 0.0577 0.0077 0.0461069 0.0000017 
K_05 0.000559 0.000017 0.00046 0.000018 1788.909 54.40331 2173 82 0.185 0.016 0.0461143 0.0000021 
K_06 0.000512 0.000014 0.000477 0.000016 1953.125 53.40576 2085 68 0.082 0.011 0.0461086 0.0000017 
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K_07 0.00051 0.000012 0.000494 0.000013 1960.784 46.1361 2029 51 0.0683 0.0055 0.0461084 0.0000014 
K_08 0.000472 0.000015 0.000471 0.000016 2118.644 67.32979 2137 74 0.0494 0.0074 0.0461036 0.0000019 
K_09 0.000486 0.000013 0.00048 0.000014 2057.613 55.03904 2092 63 0.0564 0.006 0.0461054 0.0000016 
K_10 0.274 0.02 0.271 0.021 3.649635 0.266397 4.78 0.92 0.1118 0.0011 0.0975 0.0049 
K_11 0.0195 0.0024 0.0176 0.0021 51.28205 6.311637 65.5 7.5 0.1224 0.0029 0.04853 0.00031 
K_12 0.000503 0.000017 0.0005 0.000019 1988.072 67.19129 1956 67 0.0428 0.0069 0.0461075 0.000002 
K_13 0.000491 0.000013 0.000488 0.000016 2036.66 53.92378 2056 67 0.049 0.0063 0.0461059 0.0000017 
K_14 0.000462 0.000014 0.000456 0.000015 2164.502 65.59097 2216 74 0.0544 0.0066 0.0461024 0.0000017 
K_15 0.000498 0.000013 0.000496 0.000015 2008.032 52.41851 2037 62 0.0475 0.0062 0.0461065 0.0000017 
K_16 0.000505 0.000014 0.000469 0.000016 1980.198 54.89658 2131 75 0.0905 0.0093 0.0461077 0.0000018 
K_17 0.00387 0.00084 0.0036 0.00077 258.3979 56.08637 740 210 0.0912 0.0064 0.04653 0.0001 
K_18 0.000485 0.000014 0.000482 0.000015 2061.856 59.51748 2095 63 0.0478 0.0069 0.0461053 0.0000017 
K_19 0.0005 0.000014 0.000491 0.000015 2000 56 2055 62 0.0591 0.0059 0.0461071 0.0000018 
K_20 0.000487 0.000012 0.000479 0.000013 2053.388 50.59683 2074 53 0.0476 0.0057 0.0461055 0.0000015 
K_21 0.000526 0.000027 0.000506 0.000028 1901.141 97.58707 2045 94 0.076 0.011 0.0461105 0.0000034 
K_22 0.000523 0.000018 0.000512 0.00002 1912.046 65.80655 1987 78 0.06 0.0083 0.0461099 0.0000022 
K_23 0.000492 0.000017 0.000488 0.000018 2032.52 70.22936 2060 75 0.0572 0.0077 0.0461054 0.000002 
K_24 0.000493 0.000019 0.000484 0.000021 2028.398 78.17354 2112 88 0.0584 0.0086 0.0461062 0.0000024 
K_25 0.000495 0.000016 0.000491 0.000019 2020.202 65.29946 2057 78 0.0554 0.0088 0.0461066 0.000002 
K_26 0.000511 0.000019 0.000489 0.000023 1956.947 72.7632 2038 93 0.067 0.0092 0.0461084 0.0000023 
K_27 0.000494 0.000018 0.00047 0.000018 2024.291 73.75961 2138 85 0.074 0.0077 0.0461064 0.0000022 
K_28 0.000491 0.000015 0.000484 0.000017 2036.66 62.21975 2085 77 0.0587 0.0085 0.046106 0.0000019 
KRM 
(tape 
mount) Kt_01 0.000499 0.000019 0.000479 0.000019 2004.008 76.30491 2075 83 0.0637 0.0087 0.046107 0.0000023 
Kt_02 0.000741 0.000028 0.000521 0.000025 1349.528 50.9943 1918 95 0.266 0.023 0.0461392 0.0000042 
Kt_03 0.121 0.019 0.101 0.016 8.264463 1.297726 14.5 3 0.2109 0.0032 0.0652 0.0034 
Kt_04 0.000637 0.000045 0.000488 0.000024 1569.859 110.9005 2110 100 0.234 0.03 0.0461243 0.0000062 
Kt_05 0.000467 0.000018 0.00047 0.00002 2141.328 82.53511 2147 92 0.0525 0.0089 0.0461031 0.0000022 
Kt_06_1 0.00087 0.000069 0.000558 0.00003 1149.425 91.16132 1779 94 0.34 0.027 0.0461482 0.0000078 
Kt_07 0.000643 0.000021 0.0005 0.000026 1555.21 50.79224 1987 95 0.246 0.019 0.0461248 0.0000026 
Kt_08 0.000464 0.000017 0.000453 0.000019 2155.172 78.96106 2180 97 0.066 0.013 0.0461026 0.0000021 
Kt_09 0.000462 0.000014 0.000458 0.000016 2164.502 65.59097 2184 77 0.0568 0.0081 0.0461025 0.0000017 
Kt_10 0.000479 0.000013 0.000476 0.000014 2087.683 56.65945 2107 62 0.0533 0.0071 0.0461045 0.0000016 
Kt_11 0.000501 0.000014 0.000503 0.000016 1996.008 55.77667 2014 66 0.0476 0.0077 0.0461069 0.0000017 
Kt_12 0.000424 0.000015 0.000421 0.000015 2358.491 83.43717 2359 86 0.0536 0.0071 0.0460977 0.0000019 
Kt_13 0.00053 0.000017 0.000479 0.00002 1886.792 60.51976 2129 90 0.147 0.02 0.0461109 0.0000021 
Kt_14 0.00044 0.000016 0.00043 0.000019 2272.727 82.64463 2330 100 0.058 0.01 0.0460997 0.000002 
Kt_15 0.000568 0.000033 0.000456 0.000026 1760.563 102.2863 2200 130 0.199 0.023 0.0461155 0.000004 
Kt_16 0.000483 0.000014 0.000463 0.000016 2070.393 60.0114 2158 76 0.086 0.011 0.046105 0.0000017 
Kt_17 0.000549 0.000021 0.000477 0.000028 1821.494 69.67462 2110 130 0.16 0.02 0.0461131 0.0000027 
Kt_18 0.000453 0.000015 0.000455 0.000016 2207.506 73.09621 2207 79 0.0445 0.0079 0.0461013 0.0000018 
Kt_19 0.000479 0.000014 0.000471 0.000018 2087.683 61.01787 2113 85 0.068 0.01 0.0461045 0.0000017 
Kt_20 0.000586 0.000052 0.000497 0.000024 1706.485 151.4287 2050 93 0.138 0.024 0.046116 0.0000056 
Kt_21 0.000478 0.000013 0.000478 0.000014 2092.05 56.89676 2086 63 0.048 0.0058 0.0461043 0.0000016 
Kt_22 0.000848 0.000067 0.000485 0.000029 1179.245 93.1715 2100 130 0.373 0.029 0.046149 0.0000088 
Kt_23 0.000483 0.00002 0.000474 0.000021 2070.393 85.73057 2104 89 0.0537 0.0082 0.046105 0.0000024 
Kt_24 0.000489 0.000016 0.000479 0.000017 2044.99 66.91173 2089 83 0.0498 0.0085 0.0461057 0.000002 
Kt_25 0.000472 0.000019 0.000458 0.000022 2118.644 85.2844 2250 120 0.068 0.013 0.0461036 0.0000023 
Kt_26 0.000496 0.000018 0.000484 0.000021 2016.129 73.16597 2130 100 0.0591 0.0092 0.0461062 0.0000025 
  Appendix C 
235 
Sample ID 
Uncorrected 
206Pb/238U 
Common Pb 
corrected 206Pb/238U 
Uncorrected 
238U/206Pb 
Common Pb 
corrected 
238U/206Pb 
Uncorrected 
207Pb/206Pb 
Common Pb 
corrected 207Pb/206Pb 
ratio ± ratio ± ratio ± ratio ± ratio ± ratio ± 
Kt_27 0.000468 0.000018 0.000464 0.00002 2136.752 82.18277 2142 92 0.0454 0.0074 0.0461032 0.0000023 
Kt_28 0.000487 0.000025 0.00048 0.000028 2053.388 105.4101 2080 120 0.058 0.011 0.0461055 0.000003 
Kt_29 0.000503 0.000014 0.000504 0.000017 1988.072 55.334 1986 68 0.0442 0.007 0.0461075 0.0000018 
Kt_30 0.000617 0.000041 0.000473 0.000024 1620.746 107.6995 2097 98 0.187 0.031 0.0461235 0.0000062 
Kt_31 0.051 0.018 0.045 0.016 19.60784 6.920415 830 270 0.0906 0.0098 0.0528 0.0026 
Kt_32 0.000489 0.000022 0.000476 0.000023 2044.99 92.00363 2130 100 0.0585 0.0083 0.0461058 0.0000027 
Kt_33 0.00053 0.000016 0.000515 0.000021 1886.792 56.95977 1964 79 0.079 0.013 0.0461108 0.000002 
Kt_34 0.000459 0.000016 0.000452 0.000019 2178.649 75.9442 2250 100 0.0497 0.0075 0.0461021 0.000002 
Kt_35 0.00053 0.000014 0.000523 0.000016 1886.792 49.8398 1919 58 0.0581 0.0069 0.0461108 0.000002 
Kt_36 0.000516 0.000012 0.000476 0.000016 1937.984 45.06941 2127 76 0.108 0.016 0.0461093 0.0000016 
Kt_37 0.000539 0.000018 0.000443 0.000022 1855.288 61.95766 2340 120 0.193 0.018 0.0461119 0.0000022 
Kt_38 0.000484 0.000014 0.000473 0.000016 2066.116 59.76368 2135 76 0.0555 0.0089 0.0461051 0.0000018 
Kt_39 0.000578 0.000019 0.00051 0.00002 1730.104 56.87192 1974 76 0.129 0.014 0.0461167 0.0000024 
Kt_40 0.000483 0.000016 0.000475 0.000017 2070.393 68.58446 2097 75 0.0571 0.0081 0.046105 0.0000019 
WNG W_01 0.000536 0.000016 0.000533 0.000017 1865.672 55.69169 1879 59 0.0515 0.0064 0.0461115 0.000002 
W_02 0.0106 0.0016 0.0098 0.0014 94.33962 14.23994 142 23 0.0968 0.0031 0.04738 0.0002 
W_03 0.000574 0.000017 0.000554 0.000018 1742.16 51.59708 1790 61 0.065 0.0089 0.0461163 0.0000021 
W_04 0.000882 0.000081 0.000827 0.000075 1133.787 104.1233 1290 100 0.0887 0.0066 0.046154 0.00001 
W_05 0.184 0.024 0.178 0.024 5.434783 0.708885 11 5.1 0.1157 0.0011 0.0777 0.0048 
W_06 0.000555 0.000014 0.000545 0.000018 1801.802 45.45086 1857 63 0.061 0.011 0.0461138 0.0000018 
W_07 0.000539 0.000015 0.000544 0.000015 1855.288 51.63138 1852 55 0.0394 0.0061 0.0461119 0.0000018 
W_08 0.000532 0.000017 0.000528 0.000019 1879.699 60.06558 1920 72 0.0451 0.0066 0.046111 0.0000021 
W_09 0.000551 0.000017 0.000542 0.000019 1814.882 55.99455 1882 70 0.0605 0.0083 0.0461134 0.0000021 
W_10 0.00053 0.000012 0.000525 0.000013 1886.792 42.71983 1913 48 0.051 0.0067 0.0461108 0.0000015 
W_11 0.023 0.0029 0.0212 0.0027 43.47826 5.482042 57 8.2 0.1125 0.0025 0.04895 0.00038 
W_12 0.000541 0.000019 0.000535 0.000023 1848.429 64.91709 1874 80 0.052 0.0089 0.0461122 0.0000024 
W_13 0.00996 0.00029 0.00917 0.00027 100.4016 2.92334 110.5 3.2 0.1085 0.0024 0.04729 0.000036 
W_14 0.000579 0.000015 0.000553 0.000017 1727.116 44.74393 1788 52 0.0759 0.0092 0.0461169 0.0000019 
W_15 0.062 0.016 0.059 0.015 16.12903 4.162331 112 69 0.1066 0.0039 0.0549 0.0025 
W_16 0.0292 0.0053 0.0271 0.0049 34.24658 6.215988 67 18 0.1101 0.0018 0.04989 0.00072 
W_17 0.000782 0.000095 0.000773 0.000096 1278.772 155.3496 1450 130 0.0529 0.0066 0.046142 0.000012 
W_18 0.0066 0.0016 0.0063 0.0015 151.5152 36.73095 660 180 0.127 0.012 0.04692 0.0002 
W_19 0.000564 0.000017 0.000554 0.000019 1773.05 53.44299 1798 60 0.059 0.0074 0.0461149 0.0000021 
W_20 0.000534 0.000015 0.000528 0.000019 1872.659 52.60279 1893 68 0.0546 0.0082 0.0461113 0.0000018 
W_21 0.139 0.03 0.136 0.03 7.194245 1.552715 160 110 0.1051 0.0042 0.0709 0.0057 
W_22 0.107 0.023 0.102 0.022 9.345794 2.008909 141 99 0.1089 0.0047 0.0627 0.0039 
WNG 
(tape 
mount) Wt_01 0.087 0.028 0.078 0.025 11.49425 3.6993 780 250 0.112 0.016 0.0591 0.0046 
Wt_02 0.0105 0.0024 0.0096 0.0022 95.2381 21.76871 184 71 0.1195 0.0095 0.04737 0.00031 
Wt_03 0.000536 0.000017 0.000519 0.000018 1865.672 59.17242 1928 69 0.0612 0.0087 0.0461116 0.0000021 
Wt_04 0.000515 0.000019 0.000475 0.000021 1941.748 71.63729 2137 96 0.089 0.012 0.0461089 0.0000024 
Wt_05 0.091 0.022 0.086 0.022 10.98901 2.656684 520 230 0.1049 0.0037 0.0604 0.0038 
Wt_06 0.00149 0.00017 0.000696 0.000052 671.1409 76.57313 1430 110 0.454 0.045 0.0687 0.0071 
Wt_07 0.076 0.024 0.071 0.023 13.15789 4.155125 870 260 0.0971 0.0083 0.0571 0.0038 
Wt_08 0.000594 0.00002 0.000523 0.000021 1683.502 56.68356 1921 76 0.125 0.011 0.0461187 0.0000025 
Wt_09 0.000578 0.000017 0.000549 0.000017 1730.104 50.88541 1824 55 0.0766 0.0084 0.0461167 0.0000021 
Wt_10 0.000548 0.000018 0.000543 0.000019 1824.818 59.93926 1839 64 0.0448 0.0064 0.0461131 0.0000022 
Wt_11 0.000561 0.000021 0.000551 0.000023 1782.531 66.72577 1827 72 0.0583 0.0086 0.0461147 0.0000026 
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Sample ID 
Uncorrected 
206Pb/238U 
Common Pb 
corrected 206Pb/238U 
Uncorrected 
238U/206Pb 
Common Pb 
corrected 
238U/206Pb 
Uncorrected 
207Pb/206Pb 
Common Pb 
corrected 207Pb/206Pb 
ratio ± ratio ± ratio ± ratio ± ratio ± ratio ± 
Wt_12 0.000763 0.000028 0.000514 0.00002 1310.616 48.096 1955 79 0.288 0.02 0.0461395 0.0000035 
Wt_13 0.000545 0.000021 0.000503 0.000025 1834.862 70.70112 1995 97 0.089 0.014 0.0461126 0.0000026 
Wt_14 0.0008 0.0003 0.00077 0.00028 1250 468.75 1900 110 0.0528 0.009 0.046145 0.000038 
Wt_15 0.000554 0.00002 0.000537 0.00002 1805.054 65.16441 1877 67 0.0614 0.007 0.0461137 0.0000025 
Wt_16 0.000525 0.00002 0.000511 0.000022 1904.762 72.56236 1962 86 0.0605 0.0065 0.0461101 0.0000025 
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Table C5.  Summary of dating results of Grasberg-Ertsberg district samples from 
previous studies to complement Figure 5. 
 
Intrusion, alteration, or 
mineralisation 
Method Age (Ma)   Reference 
1 
biotite from small plug 
south of GIC 
K-Ar 4.44 ± 0.1 McDowell et al. (1996) 
2 Wanagon area biotite K-Ar 3.81 to 3.46   McDowell et al. (1996) 
3 
North Grasberg intrusions 
biotite 
K-Ar 3.50 to 3.04   McDowell et al. (1996) 
4 Grasberg complex biotite K-Ar 3.23 to 2.77   McDowell et al. (1996) 
5 Karume biotite K-Ar 3.13 ± 0.09 McDowell et al. (1996) 
6 Ertsberg intrusives biotite K-Ar 3.09 to 2.65   McDowell et al. (1996) 
7 North Grasberg intrusion 
Apatite fission 
track 
3.4 ± 0.8 Weiland and Cloos (1996) 
8 Grasberg Intrusive Complex 
Apatite fission 
track 
3.5 to 2.4   Weiland and Cloos (1996) 
9 Ertsberg intrusion 
Apatite fission 
track 
3.3 to 2.0   Weiland and Cloos (1996) 
10 Grasberg sulfides Re-Os 2.9 ± 0.3 Mathur et al. (2000) 
11 
Kucing Liar skarn 
molybdenite 
Re-Os 3.01 ± 0.02 Mathur et al. (2005) 
12 Grasberg molybdenite Re-Os 2.88 ± 0.02 Mathur et al. (2005) 
13 Ertsberg molybdenite Re-Os 2.54 ± 0.02 Mathur et al. (2005) 
14 Grasberg Apatite U-He 3.1 to 2.9 ± 0.1 McInnes et al. (2005) 
15 Kucing Liar phlogopite 40Ar/39Ar 3.41 ± 0.03 Pollard et al. (2005) 
16 
Dalam and Main Grasberg 
micas 
40Ar/39Ar 3.33 to 3.19   Pollard et al. (2005) 
17 Kali micas 40Ar/39Ar 3.16 to 3.06   Pollard et al. (2005) 
18 Post-Kali micas 40Ar/39Ar 3.06 to 3.01   Pollard et al. (2005) 
19 Ertsberg micas 40Ar/39Ar 2.71 to 2.59   Pollard et al. (2005) 
20 
Kucing Liar skarn 
phlogopite 
40Ar/39Ar 3.42 to 3.28   
New (2006) as reported in 
Leys et al. 2012 
21 Kucing Liar skarn biotite 40Ar/39Ar 3.28 ± 0.04; 3.2 to 3.18 
New (2006) as reported in 
Leys et al. 2012 
22 
Kucing Liar skarn 
muscovite 
40Ar/39Ar 3.45 ± 0.06; 3.18 ± 0.02 
New (2006) as reported in 
Leys et al. 2012 
23 Dalam andesite zircons U-Pb 3.4 ± 0.12 Trautman (2013) 
24 
Gajah Tidur (formerly Tikl) 
zircons 
U-Pb 3.28 ± 0.08 Trautman (2013) 
25 Plagioclase dike zircons U-Pb 3.24 ± 0.18 Trautman (2013) 
26 Kay zircons U-Pb 3.2 ± 0.07 Trautman (2013) 
27 Pliocene dike (Tpi) zircons U-Pb 3.18 ± 0.11 Trautman (2013) 
28 
Main Grasberg Intrusion 
zircons 
U-Pb 3.12 ± 0.09 Trautman (2013) 
29 Karume zircons U-Pb 2.78 ± 0.24 Trautman (2013) 
30 Ertsberg zircons U-Pb 2.77 ± 0.15 Trautman (2013) 
Appendix C 
238 
 
  Appendix D 
239 
APPENDIX D. GRASBERG – geochemistry 
Analytical methods 
Whole rock major element analysis 
Whole rock major element data was obtained by the fusion bead X-ray fluorescence 
(XRF) method at Geoscience Australia.  For each fused glass, 1 g ± 1 mg of ignited 
powdered sample was mixed with 6 g± 1 mg of 12:22 flux (Li-tetraborate and Li-
metaborate mix).  This was then ignited in an overnight fusion cycle of 360 minutes at 
600°C, 440 minutes at 1000°C, then cooled.  Samples, predominantly those with a high 
sulfur and/or high metal content, that had fused into a slag were hand ground in an agate 
mortar and pestle to return them to a powder. The sample-flux mixtures were then 
placed into Pt crucibles in an Initiative Scientific F-M4 bead casting furnace and heated 
at 1100°C twelve minutes fusion time and were manually agitated every two minutes.  
After ten minutes two thick-walled Pt mouldables were positioned in the two spare 
spaces in the furnace and pre-heated.  After twelve minutes of fusion the molten 
samples were poured into the mouldables to make the final bead shape.  A release cap, 
dosed with 0.5 µL of 5 % ammonium iodide solution in ethanol, was placed on each 
mouldable once it was removed from the furnace and the mouldable allowed to cool.  
Once cool the mouldables were inverted and beads removed.  This method was 
developed to minimise problems of the samples sticking to the crucibles due to the 
elevated S and metal contents of some of the samples.  NIM-G (SARM-1, Bushveld 
granite) and DR-N (diorite, France) powders were used as reference materials and 
analysed using the same method.  The glasses were analysed with a Bruker D8 XRF. 
Whole rock trace element analysis 
The fused glasses were also used for whole rock trace element analysis by LA-ICP-MS 
at The Australian National University on a pulsed Lambda PhysikCOMPex 110 193 nm 
Excimer Laser with an ANU-designed HelEx ablation cell and an Agilent 7700 ICP-
MS. The laser pulse rate was 10 Hz and the spot size was 81 µm for an ablation time of 
40 s, with a pre-ablation of 25 s and a post-ablation time of 15 s.  The analysed isotopes 
were 29Si, 43Ca, 45Sc, 49Ti, 51V, 53Cr, 59Co, 61Ni, 65Cu,66Zn, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 
95Mo, 107Ag, 118Sn, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 
163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 183W, 208Pb, 232Th, and 238U.  The 
primary calibration standard used was a BCR2G glass.  The DR-N fused glass from 
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XRF was used as a reference material and analysed using the same method as the 
Grasberg suite fused glasses.  Whole rock CaO, measured by XRF, was used for 
internal normalization for the majority of the samples.  Where the CaO content of the 
sample was low, Si was used as the internal standard.  A NIST 612 glass was used as a 
secondary standard for quality control.  The LA-ICP-MS data was reduced using the 
software package Iolite (Paton et al., 2011). 
Ce4+/Ce3+ratios in zircon 
Ce4+/Ce3+ratios in zircon , measured by LA-ICP-MS, were calculated using the whole 
rock and zircon Ce concentrations determined by LA-ICP-MS of XRF fused disks and 
separated zircons, respectively.  The zircon Ce4+/Ce3+ ratio values are based on the 
preferential partitioning of Ce4+ into the zircon structure over Ce3+.  Calculation of the 
ratios follows the method of Ballard et al. (2002).  The zircons were analysed by LA-
ICP-MS using the same analytical machine set-up as for the LA-ICP-MS of the XRF 
fused disks.  The zircons were analysed using a spot size of 37 µm at a pulse rate of 5 
Hz and an ablation time of 40 seconds.  The analysed isotopes were 29Si, 206Pb, 207Pb, 
208Pb, 232Th, and 238U.  On a separate analysis run the trace elements of each zircon were 
analysed for 29Si, 31P, 49Ti, 91Zr, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 
163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, and 178Hf.   A NIST 612 glass was used as a 
primary standard for the trace element analysis.  The LA-ICP-MS data was reduced 
using the Iolite software package (Paton et al., 2011).
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Table D1. Whole rock major and trace element concentrations for samples collected 
from the Grasberg-Ertsberg district for this study. 
Sample Gras1 Gras2 Gras3 Gras4 Gras5 Gras6† Gras7 
wt.% SiO2 56.93 62.76 68.22 71.55 62.11 64.15 62.77 
TiO2 0.64 0.43 0.39 0.24 0.60 0.35 0.47 
Al2O3 17.63 15.77 11.82 9.11 17.45 17.57 13.90 
Fe2O3T 8.07 5.01 5.97 10.64 2.43 6.09 5.20 
MnO 0.05 0.02 0.07 0.05 0.01 0.01 0.04 
MgO 2.19 1.45 1.61 0.88 1.41 0.81 2.14 
CaO 2.47 3.71 1.07 1.20 2.29 0.21 2.17 
Na2O 2.77 2.97 1.57 1.71 0.65 0.19 2.02 
K2O 2.81 4.17 6.76 3.52 7.56 5.28 7.19 
P2O5 0.41 0.22 0.27 0.11 0.40 0.26 0.39 
Total 93.96 96.53 97.74 99.03 94.90 94.92 96.29 
LOI 6.04 3.47 2.26 0.97 5.10 5.08 3.71 
ppm     Sc 17.3 10.0 10.3 7.7 12.8 10.6 9.8 
V 172 98 326 98 531 113 181 
Cr 26.9 52.7 23.1 63.2 25.3 52.8 53.2 
Co 15.9 9.1 9.6 10.5 5.2 18.7 13.8 
Ni 9.0 12.2 7.1 11.2 8.6 33.3 19.1 
Cu 335 866 22670 7260 21990 4173 26620 
Zn 53.2 31.7 92.5 105.2 23.2 13.5 48.1 
Rb 77 105 131 60 159 162 138 
Sr 610 806 189 365 118 142 349 
Y 21.8 16.2 10.0 5.7 19.8 17.5 13.9 
Zr 147 132 116 74 128 117 118 
Nb 9.0 8.1 5.8 2.9 8.1 7.9 7.9 
Mo 0.9 13.9 3.5 1.1 50.2 1.7 6.8 
Ag 1.0 0.3 10.4 1.6 3.9 1.2 7.5 
Sn 6.6 11.0 8.1 6.2 18.4 19.9 6.6 
Cs 0.6 0.8 2.6 0.3 0.7 0.5 2.1 
Ba 676 589 439 230 161 411 380 
La 32.5 23.6 6.7 4.4 17.1 34.2 9.7 
Ce 63.3 48.6 15.3 9.0 36.0 62.5 21.4 
Pr 7.4 5.6 2.0 1.1 4.5 6.7 2.7 
Nd 29.5 21.9 9.1 4.9 19.7 24.7 12.3 
Sm 5.5 3.9 2.0 1.0 4.3 4.3 2.8 
Eu 1.5 1.1 0.4 0.3 0.9 1.1 0.5 
Gd 4.9 3.3 2.1 1.0 4.3 3.6 2.7 
Tb 0.7 0.5 0.3 0.2 0.6 0.5 0.4 
Dy 4.0 2.8 1.6 0.9 3.4 2.9 2.3 
Ho 0.8 0.6 0.3 0.2 0.7 0.6 0.4 
Er 2.3 1.8 1.0 0.6 1.8 1.8 1.3 
Tm 0.3 0.3 0.1 0.1 0.3 0.3 0.2 
Yb 2.2 1.8 0.9 0.5 1.7 1.8 1.2 
Lu 0.3 0.3 0.1 0.1 0.3 0.3 0.2 
Hf 4.0 3.5 3.1 2.0 3.3 3.1 3.2 
Ta 0.6 0.6 0.4 0.3 0.6 0.6 0.6 
W 1.9 3.4 2.4 0.6 31.1 17.4 1.8 
Pb 45.0 14.1 31.4 43.3 10.9 6.8 16.2 
Th 8.5 7.9 7.3 4.0 7.4 7.8 8.8 
U 2.3 2.8 0.8 0.5 1.3 3.3 1.1 
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Table D1. Continued 
Sample Gras8 Gras9 Gras10 Gras11 Gras12 Gras13 
wt.%SiO2 62.09 65.72 63.99 64.82 59.25 57.14 
TiO2 0.37 0.48 0.37 0.43 0.57 0.50 
Al2O3 11.25 14.89 11.13 15.50 17.41 15.26 
Fe2O3T 2.08 2.61 1.65 4.42 6.65 5.22 
MnO 0.02 0.03 0.02 0.07 0.08 0.03 
MgO 1.50 1.57 1.57 1.36 1.69 2.27 
CaO 6.62 2.68 6.04 4.15 4.81 5.40 
Na2O 1.33 1.75 1.56 3.44 4.31 3.37 
K2O 6.75 6.61 6.08 4.36 3.63 4.24 
P2O5 0.21 0.31 0.23 0.24 0.35 0.34 
Total 92.22 96.65 92.64 98.78 98.75 93.76 
LOI 7.78 3.35 7.36 1.22 1.25 6.24 
ppm     Sc 10.2 13.3 9.6 9.8 11.5 14.6 
V 252 283 174 98 128 156 
Cr 21.0 22.9 21.0 15.6 23.9 60.6 
Co 7.7 7.5 15.9 10.1 8.0 15.3 
Ni 10.2 7.1 6.8 5.9 6.3 28.7 
Cu 20050 24290 11520 103 113 69.0 
Zn 14.9 54.4 27.1 34.5 28.6 18.8 
Rb 129 128 117 113 59 114 
Sr 411 252 458 670 926 911 
Y 14.9 15.6 14.1 17.4 17.2 17.3 
Zr 98 169 98 127 139 148 
Nb 6.9 9.6 6.7 9.2 6.9 9.1 
Mo 308 19.0 97.6 1.2 2.2 1.4 
Ag 6.4 7.9 5.0 0.7 0.5 0.7 
Sn 7.1 10.2 4.7 4.1 4.4 4.7 
Cs 0.6 1.5 0.7 1.4 1.3 1.8 
Ba 514 515 370 515 527 553 
La 21.0 14.7 22.0 28.3 16.5 23.8 
Ce 40.3 31.2 41.9 52.2 33.8 45.3 
Pr 4.7 3.8 4.8 5.7 4.2 5.3 
Nd 19.6 16.5 19.2 21.3 17.9 20.9 
Sm 3.7 3.3 3.5 4.0 3.6 4.1 
Eu 0.8 0.7 0.8 1.0 1.0 1.0 
Gd 3.6 3.0 3.1 3.4 3.3 3.6 
Tb 0.5 0.4 0.4 0.5 0.5 0.5 
Dy 2.6 2.7 2.5 2.9 3.0 3.0 
Ho 0.5 0.5 0.5 0.6 0.6 0.6 
Er 1.4 1.5 1.3 1.8 1.8 1.8 
Tm 0.2 0.2 0.2 0.3 0.3 0.3 
Yb 1.2 1.5 1.2 1.9 1.7 1.8 
Lu 0.2 0.2 0.2 0.3 0.3 0.3 
Hf 2.5 4.3 2.4 3.5 3.5 4.0 
Ta 0.4 0.7 0.4 0.7 0.5 0.7 
W 8.0 19.7 8.0 1.8 0.6 3.8 
Pb 10.0 25.0 15.4 10.9 10.2 16.6 
Th 5.3 11.0 5.0 10.8 3.5 10.2 
U 0.7 1.3 0.8 3.2 0.9 3.1 
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Table D1. Continued. 
Sample Gras14 Gras15† Gras16 Gras17 Gras18 Gras19† 
wt. %SiO2 59.30 72.38 78.76 74.32 66.74 98.97 
TiO2 0.48 0.31 0.26 0.20 0.29 0.02 
Al2O3 15.45 13.14 9.03 10.19 14.60 0.43 
Fe2O3T 3.83 1.05 0.58 0.76 1.51 0.18 
MnO 0.05 0.01 0.01 0.02 0.05 0.00 
MgO 1.77 1.08 1.09 0.87 0.98 0.00 
CaO 6.14 0.27 1.37 1.97 1.62 0.02 
Na2O 3.23 0.33 0.96 0.40 1.03 0.00 
K2O 4.22 10.03 5.79 7.45 9.84 0.02 
P2O5 0.30 0.04 0.19 0.09 0.13 0.01 
Total 94.76 98.63 98.06 96.29 96.79 99.65 
LOI 5.24 1.37 1.94 3.71 3.21 0.35 
ppm     Sc 11.2 7.0 6.9 5.9 6.3 3.8 
V 118 201 133 201 197 15 
Cr 26.6 35.6 34.2 83.8 36.9 23.1 
Co 9.2 4.4 3.6 2.7 5.2 1.1 
Ni 10.5 21.2 14.9 40.7 9.9 4.6 
Cu 1207 2171 1567 689 392 56.7 
Zn 32.5 26.6 21.5 18.1 81.3 12.3 
Rb 94 264 154 203 249 1 
Sr 939 179 196 214 482 8 
Y 18.5 1.7 5.5 4.3 7.8 0.0 
Zr 124 89 62 65 81 3 
Nb 8.5 6.1 3.5 4.6 7.0 0.2 
Mo 2.5 12.2 61.5 6.5 4.5 13.1 
Ag 1.3 1.6 4.8 3.4 3.3 0.8 
Sn 3.4 4.7 3.5 3.6 3.5 3.5 
Cs 1.0 1.1 1.9 1.1 1.6 0.1 
Ba 581 540 330 491 714 2 
La 28.4 3.4 5.2 6.4 10.2 0.2 
Ce 54.6 6.4 11.5 14.2 22.9 0.2 
Pr 6.2 0.6 1.2 1.5 2.4 0.0 
Nd 24.4 1.9 4.9 5.5 9.0 0.0 
Sm 4.6 0.3 1.0 1.0 1.7 0.0 
Eu 1.1 0.2 0.3 0.3 0.5 0.0 
Gd 3.9 0.3 1.0 0.8 1.5 0.0 
Tb 0.5 0.0 0.2 0.1 0.2 0.0 
Dy 3.2 0.2 0.9 0.7 1.3 0.0 
Ho 0.6 0.1 0.2 0.1 0.3 0.0 
Er 1.9 0.2 0.5 0.4 0.8 0.0 
Tm 0.3 0.0 0.1 0.1 0.1 0.0 
Yb 1.8 0.2 0.5 0.4 0.8 0.0 
Lu 0.3 0.1 0.1 0.1 0.1 0.0 
Hf 3.2 2.3 1.6 1.6 2.2 0.0 
Ta 0.6 0.4 0.3 0.3 0.5 0.1 
W 0.7 24.8 15.6 12.4 5.1 2.1 
Pb 9.4 17.4 10.3 11.1 37.2 5.3 
Th 7.8 5.9 4.9 3.7 5.7 0.0 
U 2.1 1.2 0.6 0.8 1.7 0.0 
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Table D1. Continued. 
Sample Gras20 Gras21 Gras22 Gras23† Gras24† EBG4a i 
wt. %SiO2 64.53 64.08 62.96 59.23 61.60 58.17 
TiO2 0.43 0.43 0.47 0.61 0.46 0.62 
Al2O3 16.53 16.23 16.62 17.72 13.89 16.60 
Fe2O3T 4.06 3.93 4.61 2.59 4.49 6.72 
MnO 0.06 0.05 0.09 0.08 0.06 0.13 
MgO 1.40 1.50 1.55 2.43 1.60 2.58 
CaO 4.55 4.35 4.83 1.09 4.61 7.06 
Na2O 3.79 3.73 3.88 0.22 3.00 3.81 
K2O 3.85 4.10 3.60 11.93 2.70 3.59 
P2O5 0.23 0.23 0.25 0.38 0.26 0.40 
Total 99.43 98.63 98.85 96.28 92.68 99.68 
LOI 0.57 1.37 1.15 3.72 7.32 0.24 
ppm     Sc 8.9 9.5 10.3 9.1 14.9 15.7 
V 90 96 102 119 198 151 
Cr 41.8 61.4 41.8 35.5 73.2 18.9 
Co 9.5 12.1 7.9 9.1 11.1 13.3 
Ni 16.4 21.9 25.7 6.8 31.7 4.7 
Cu 46.8 2624 25.7 395 5144 69.1 
Zn 27.3 37.5 31.2 73.9 173 41.1 
Rb 89 91 102 82 346 103 
Sr 775 774 879 626 241 962 
Y 15.4 17.4 19.1 15.2 18.5 17.8 
Zr 116 144 131 143 165 92 
Nb 7.3 9.6 9.1 6.7 10.0 6.8 
Mo 0.9 10.3 1.1 1.1 60.9 1.8 
Ag 0.5 1.7 0.4 0.6 5.7 1.4 
Sn 4.8 5.0 4.0 4.0 13.8 2.4 
Cs 1.5 0.8 1.7 2.1 9.2 10.2 
Ba 498 502 641 337 825 655 
La 23.1 28.8 29.2 20.5 20.8 25.1 
Ce 45.7 54.3 55.1 41.1 47.8 48.7 
Pr 5.2 6.0 6.1 4.8 5.9 5.5 
Nd 19.7 22.8 23.8 18.7 24.9 22.6 
Sm 3.7 4.2 4.2 3.5 4.7 4.5 
Eu 1.0 1.1 1.2 1.1 1.0 1.2 
Gd 3.1 3.4 3.8 3.2 4.1 3.8 
Tb 0.4 0.5 0.5 0.5 0.6 0.5 
Dy 2.7 3.1 3.3 2.7 3.5 3.5 
Ho 0.5 0.6 0.6 0.5 0.7 0.7 
Er 1.7 1.8 2.0 1.6 2.0 1.9 
Tm 0.2 0.3 0.3 0.2 0.3 0.3 
Yb 1.7 1.9 2.0 1.6 2.0 2.0 
Lu 0.3 0.3 0.3 0.3 0.3 0.3 
Hf 3.1 3.9 3.6 3.6 4.3 2.4 
Ta 0.6 0.7 0.7 0.5 0.7 0.5 
W 7.7 0.8 0.9 7.8 32.0 1.8 
Pb 9.2 13.8 9.3 10.5 261 11.1 
Th 7.8 9.2 9.3 6.0 9.0 8.5 
U 2.6 2.7 2.7 2.0 3.2 2.4 
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Table D1. Continued. 
Sample EBG4b iii EBG4b v EBG4c i EBG1c EBG2b EKL1 ii 
wt. %SiO2 60.30 58.82 64.30 62.82 58.46 62.13 
TiO2 0.56 0.60 0.43 0.43 0.57 0.48 
Al2O3 15.96 16.66 15.16 15.71 16.39 16.79 
Fe2O3T 6.05 7.06 3.78 5.12 6.99 4.93 
MnO 0.08 0.10 0.06 0.05 0.10 0.10 
MgO 2.30 2.21 1.55 1.53 2.41 1.59 
CaO 5.87 6.29 4.97 4.25 5.78 5.12 
Na2O 3.66 3.59 3.41 3.82 3.74 3.99 
K2O 3.92 3.93 4.61 4.51 3.90 3.39 
P2O5 0.33 0.37 0.25 0.26 0.38 0.27 
Total 99.03 99.63 98.51 98.49 98.70 98.80 
LOI 0.21 0.24 0.19 0.40 0.39 0.23 
ppm     Sc 13.9 14.6 10.5 6.7 14.2 10.3 
V 138 160 100 89 154 97 
Cr 21.3 23.4 15.7 17.2 18.0 14.7 
Co 11.2 14.3 6.9 4.1 12.1 5.9 
Ni 5.2 3.3 2.7 6.8 15.2 2.9 
Cu 15.4 120 46.5 656 1271 25.4 
Zn 30.9 34.9 39.5 51.5 29.9 44.0 
Rb 107 116 129 58 111 96 
Sr 832 905 697 935 957 879 
Y 14.9 13.9 14.8 12.1 15.1 17.1 
Zr 124 114 137 80 114 120 
Nb 6.8 6.0 9.1 7.2 6.5 7.6 
Mo 1.4 1.6 2.0 0.9 2.1 1.5 
Ag 1.2 0.2 0.6 0.4 0.6 0.3 
Sn 2.9 3.2 2.9 2.6 3.1 3.4 
Cs 1.2 3.2 1.6 1.0 1.7 2.6 
Ba 523 665 451 518 543 609 
La 22.3 24.3 23.4 19.0 24.4 27.0 
Ce 43.1 43.8 46.5 37.1 45.2 49.5 
Pr 4.9 4.8 5.1 4.1 5.0 5.7 
Nd 19.9 18.5 19.8 16.5 19.7 22.8 
Sm 3.8 3.6 3.5 3.2 4.0 4.4 
Eu 1.0 1.1 0.9 0.8 1.2 1.2 
Gd 3.0 3.0 2.9 2.6 3.2 3.5 
Tb 0.4 0.4 0.4 0.3 0.5 0.5 
Dy 2.7 2.5 2.6 2.2 2.7 3.2 
Ho 0.5 0.5 0.6 0.4 0.6 0.6 
Er 1.6 1.5 1.6 1.3 1.6 1.8 
Tm 0.3 0.2 0.3 0.2 0.2 0.3 
Yb 1.6 1.6 1.8 1.3 1.6 1.9 
Lu 0.3 0.2 0.3 0.2 0.2 0.3 
Hf 3.3 3.0 3.8 2.1 3.0 3.1 
Ta 0.5 0.4 0.8 0.4 0.5 0.5 
W 1.4 1.3 0.7 1.0 3.4 0.9 
Pb 6.7 5.6 5.2 58.1 5.5 11.3 
Th 9.3 6.5 14.1 5.3 7.9 7.6 
U 2.3 2.3 3.9 2.3 2.3 2.2 
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Table D1. Continued. 
Sample LKL1 ii KRM1 ii EBG3a ii EBG3b iii EBG3c iii EBG3c iii* 
wt. %SiO2 58.77 59.65 60.14 55.37 59.79 59.81 
TiO2 0.50 0.40 0.56 0.63 0.58 0.58 
Al2O3 16.35 15.78 16.60 16.42 16.51 16.61 
Fe2O3T 5.58 3.29 5.95 6.69 6.21 6.07 
MnO 0.09 0.08 0.11 0.13 0.10 0.10 
MgO 2.09 1.35 2.03 2.62 2.32 2.32 
CaO 5.44 5.48 6.28 8.25 6.23 6.24 
Na2O 3.97 4.57 3.86 4.64 3.76 3.76 
K2O 3.63 3.97 3.78 3.85 3.85 3.87 
P2O5 0.32 0.26 0.35 0.45 0.37 0.36 
Total 96.74 94.81 99.65 99.03 99.72 99.72 
LOI 0.23 0.36 0.22 0.25 0.22 0.22 
ppm     Sc 11.6 13.0 13.0 15.0 13.9 14.3 
V 126 143 137 170 147 147 
Cr 16.4 20.1 33.9 17.3 16.6 20.0 
Co 7.1 12.5 10.5 11.3 12.9 12.8 
Ni 5.2 6.5 20.4 4.2 5.8 11.9 
Cu 50.2 2048 34.5 43.7 60.1 52.3 
Zn 41.3 31.3 36.7 89.6 32.6 35.0 
Rb 79 155 111 95 104 107 
Sr 984 995 904 1138 871 898 
Y 17.2 18.1 17.4 17.8 17.6 17.4 
Zr 129 159 129 100 123 129 
Nb 7.9 11.3 8.2 6.1 8.2 8.1 
Mo 0.5 4.4 1.6 1.4 3.2 2.4 
Ag 0.3 1.1 0.7 0.8 0.2 0.4 
Sn 3.4 4.5 2.5 2.6 2.7 2.8 
Cs 0.5 1.4 2.8 1.9 2.2 2.2 
Ba 592 607 574 579 588 616 
La 27.3 31.7 27.4 24.8 27.1 26.6 
Ce 50.4 56.7 52.1 48.5 53.0 52.1 
Pr 5.8 6.3 5.8 5.7 6.1 6.0 
Nd 23.1 23.6 23.5 23.4 23.8 23.4 
Sm 4.6 4.3 4.5 4.6 4.5 4.8 
Eu 1.2 1.2 1.2 1.3 1.3 1.2 
Gd 3.6 3.7 3.5 4.1 4.0 3.5 
Tb 0.5 0.5 0.5 0.5 0.5 0.5 
Dy 3.2 3.1 3.2 3.4 3.4 3.3 
Ho 0.6 0.6 0.7 0.6 0.7 0.6 
Er 1.9 1.9 1.9 1.9 1.9 1.8 
Tm 0.3 0.3 0.3 0.3 0.3 0.3 
Yb 1.9 2.1 1.8 1.8 1.8 1.8 
Lu 0.3 0.3 0.3 0.3 0.3 0.3 
Hf 3.2 4.3 3.3 2.6 3.2 3.4 
Ta 0.6 0.9 0.6 0.4 0.6 0.6 
W 0.6 1.4 2.0 1.2 1.7 1.8 
Pb 8.9 7.7 15.1 23.2 12.1 12.5 
Th 8.4 18.1 7.9 5.9 8.0 10.5 
U 2.4 6.1 2.1 1.5 2.3 2.6 
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Table D1. Continued. 
Sample EBG3d EBG3e iii WNG2 i SWG1a ii WNG1b WNG1b* 
wt. %SiO2 55.41 60.74 60.56 62.99 62.96 62.99 
TiO2 0.62 0.55 0.39 0.38 0.39 0.39 
Al2O3 16.74 16.15 16.60 16.76 16.77 16.78 
Fe2O3T 7.00 5.92 4.08 4.46 4.48 4.44 
MnO 0.17 0.12 0.09 0.08 0.08 0.08 
MgO 2.46 2.23 0.99 1.68 1.69 1.69 
CaO 7.19 5.97 4.77 3.63 3.62 3.62 
Na2O 4.25 3.73 5.07 5.47 5.49 5.48 
K2O 4.71 3.97 3.70 3.73 3.71 3.73 
P2O5 0.42 0.34 0.27 0.26 0.26 0.26 
Total 98.97 99.73 96.52 99.45 99.46 99.46 
LOI 0.29 0.22 0.28 0.26 0.26 0.25 
ppm     Sc 15.1 13.3 11.3 8.9 6.9 6.9 
V 163 137 146 115 65 79 
Cr 15.4 31.1 23.6 21.5 13.7 34.4 
Co 15.3 12.6 9.8 7.6 6.2 4.7 
Ni 6.8 20.1 5.9 8.9 5.2 22.4 
Cu 105 30.3 140 104 5.3 8.2 
Zn 69.3 49.4 42.9 32.4 39.2 19.0 
Rb 127 120 89 69 158 60 
Sr 1130 817 1456 1133 508 892 
Y 17.4 16.5 17.8 12.2 8.7 9.6 
Zr 107 116 137 100 56 75 
Nb 6.2 8.3 10.1 7.3 3.1 5.3 
Mo 2.8 2.0 0.9 0.7 0.4 4.8 
Ag 0.5 0.3 0.1 0.5 0.3 0.5 
Sn 3.2 2.6 4.1 2.8 1.4 1.8 
Cs 4.0 2.3 1.1 0.9 214.0 12.4 
Ba 869 580 868 670 354 470 
La 28.3 24.5 28.2 20.1 12.5 18.4 
Ce 52.7 46.4 52.2 38.0 24.2 34.4 
Pr 6.1 5.1 6.0 4.3 2.8 3.7 
Nd 25.0 20.5 22.9 17.1 11.4 14.4 
Sm 4.6 4.2 4.5 3.2 2.2 2.7 
Eu 1.3 1.1 1.3 0.9 0.7 0.8 
Gd 3.9 3.3 3.8 2.6 1.8 2.1 
Tb 0.6 0.5 0.5 0.4 0.2 0.3 
Dy 3.3 3.0 3.3 2.2 1.6 1.8 
Ho 0.7 0.6 0.6 0.5 0.3 0.3 
Er 1.9 1.7 1.9 1.4 0.9 1.0 
Tm 0.3 0.3 0.3 0.2 0.1 0.2 
Yb 1.8 1.9 1.9 1.4 1.0 1.0 
Lu 0.3 0.3 0.3 0.2 0.1 0.1 
Hf 2.8 3.0 3.4 2.5 1.4 1.9 
Ta 0.4 0.6 0.6 0.5 0.2 0.3 
W 1.8 1.4 0.7 0.5 0.3 2.2 
Pb 21.7 9.3 16.9 13.1 5.4 6.8 
Th 6.2 11.7 8.9 5.3 2.0 4.1 
U 2.1 2.8 3.2 1.5 0.4 1.2 
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Table D1. Continued. 
Sample DR-N1 DR-N2 
DR-N 
(Standard 
values) 
NIM-G1 
NIM-G 
(Standard 
values) 
wt. %SiO2 53.85 52.94 52.85 75.87 75.70 
TiO2 1.11 1.08 1.09 0.10 0.09 
Al2O3 17.95 17.60 17.52 12.21 12.08 
Fe2O3T 9.82 9.43 9.7 1.96 2.00 
MnO 0.23 0.22 0.22 0.02 0.021 
MgO 4.43 4.36 4.4 0.06 0.06 
CaO 7.23 7.03 7.05 0.78 0.78 
Na2O 3.06 2.92 2.99 3.23 3.36 
K2O 1.76 1.69 1.7 4.96 4.99 
P2O5 0.24 0.23 0.25 0.01 0.01 
Total 99.68 97.49   99.20   
LOI 0.17 2.51 2.26 0.80   
ppm     Sc 29.4 29.7 28.0     
V 227 215 220     
Cr 56.4 53.5 40.0     
Co 38.3 37.0 35.0     
Ni 18.5 18.4 15.0     
Cu 54 46 50     
Zn 113.6 119.3 145.0     
Rb 67 68 73     
Sr 406 392 400     
Y 28.1 25.6 26.0     
Zr 148 135 125     
Nb 7.3 6.9 7.0     
Mo 1.3 1.1 0.9     
Ag 0.3 1.3 <0.4     
Sn 5.6 4.9 2.0     
Cs 5.7 5.5 6.3     
Ba 395 379 385     
La 22.0 20.9 21.5     
Ce 47.2 43.4 46.0     
Pr 5.9 5.3 5.7     
Nd 24.8 23.5 23.5     
Sm 5.5 5.3 5.4     
Eu 1.5 1.4 1.5     
Gd 5.6 5.1 4.7     
Tb 0.8 0.7 0.8     
Dy 5.3 4.7 4.6     
Ho 1.0 1.0 1.0     
Er 3.0 2.8 2.5     
Tm 0.4 0.4 0.4     
Yb 2.8 2.7 2.5     
Lu 0.4 0.4 0.4     
Hf 3.8 3.4 3.5     
Ta 0.7 0.6 0.6     
W 148.9 150.4 130.0     
Pb 53.3 48.6 55.0     
Th 5.3 4.8 5.0     
U 1.6 1.4 1.5     
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Table D1. Continued. 
Sample BCR2G1 BCR2G2 
BCR2G 
(Standard 
values) 
NIST6121 NIST6122 
NIST612 
(Standard 
values) 
ppm     Sc 33.0 32.7 33.0 39.3 41.0 39.3 
V 425 471 425 41 39 39 
Cr 17.0 20.1 17.0 43.1 36.1 36.4 
Co 38.0 42.7 38.0 37.9 35.1 35.5 
Ni 13.0 17.0 13.0 42.4 38.8 38.8 
Cu 21 21 21 47 37 38 
Zn 125.1 174.4 125.0 37.6 38.1 39.1 
Rb 47 54 47 34 31 31 
Sr 342 330 342 82 78 78 
Y 35.0 29.9 35.0 41.6 38.0 38.3 
Zr 184 193 184 40 38 38 
Nb 12.5 12.9 12.5 40.2 40.0 40.0 
Mo 270.2 295.0 270.0 41.3 38.0 37.4 
Ag 0.5 0.3 0.5 55.4 22.0 22.0 
Sn 2.6 3.6 2.6 42.1 38.1 38.6 
Cs 1.2 1.5 1.2 46.6 42.0 42.7 
Ba 683 696 683 41 40 39 
La 24.7 23.9 24.7 37.1 35.8 36.0 
Ce 53.3 55.5 53.3 41.8 38.7 38.4 
Pr 6.7 6.6 6.7 40.7 37.2 37.9 
Nd 28.9 27.7 28.9 38.2 35.9 35.5 
Sm 6.6 6.3 6.6 39.2 38.1 37.7 
Eu 2.0 1.9 2.0 37.2 35.0 35.6 
Gd 6.7 5.9 6.7 40.5 36.7 37.3 
Tb 1.0 0.9 1.0 40.0 36.0 37.6 
Dy 6.4 5.9 6.4 38.0 36.0 35.5 
Ho 1.3 1.2 1.3 39.6 38.0 38.3 
Er 3.7 3.3 3.7 40.6 38.0 38.0 
Tm 0.5 0.5 0.5 39.2 38.0 36.8 
Yb 3.4 3.2 3.4 40.6 39.2 39.2 
Lu 0.5 0.5 0.5 39.2 36.9 37.0 
Hf 4.8 5.1 4.8 38.3 35.0 36.7 
Ta 0.8 0.8 0.8 40.5 40.0 37.6 
W 0.5 1.0 0.5 41.2 40.0 38.0 
Pb 11.0 12.6 11.0 42.6 38.6 38.6 
Th 5.9 5.6 5.9 39.1 37.8 37.8 
U 1.7 2.2 1.7 41.1 37.4 37.4 
        
* Duplicate samples 
† Trace elements calculated using Si as an internal standard instead of Ca due to low Ca signal during 
analysis or low Ca content of sample 
1 analyzed with samples starting with Gras 
2 analyzed with remaining samples 
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Table D3. Zircon Ce ratio calculation data (part 1). See Ballard et al. (2002) for details. 
Ionic radii (8-fold coordination) used in calculations from the database of the Atomistic 
Simulation Group, Imperial College (http://abulafia.mt.ic.ac.uk/shannon/ ; data taken 
from: R.D. Shannon,1976, Revised Effective Ionic Radii and Systematic Studies of 
Interatomic Distances in Halides and Chalcogenides: Acta Cryst., A32 751-767). 
Analysis 
ID Intrusion 
Cezircon 
(ppm) 
Cewhole 
rock 
(ppm) 
Ce+4/Ce+3 ratio values 
Tetravalent 
line fitting 
method 
Trivalent line 
fitting method 
("difference 
method") 
1_01 Dalam 17.73 63.3 22.19 22.45 
1_02 Dalam 20.39 63.3 207.29 207.44 
1_03 Dalam 15.2 63.3 158.34 158.58 
1_04 Dalam 24.25 63.3 27.80 28.15 
1_05 Dalam 6.89 63.3 154.79 154.84 
1_06 Dalam 15.13 63.3 14.72 14.94 
1_07 Dalam 24.5 63.3 567.16 566.86 
10_01 Dalam 16.1 41.9 20.36 20.72 
10_02 Dalam 35.5 41.9 270.83 271.39 
10_03 Dalam 21.18 41.9 17.62 18.11 
10_04 Dalam 23 41.9 1181.04 1180.84 
10_05 Dalam 19.8 41.9 19.25 19.70 
10_06 Dalam 11.15 41.9 204.67 204.84 
10_08 Dalam 55.8 41.9 516.05 516.48 
10_09 Dalam 17.78 41.9 289.74 289.98 
10_10 Dalam 17.3 41.9 7.73 8.11 
10_11 Dalam 35.8 41.9 37.75 38.58 
10_12 Dalam 36.2 41.9 46.81 47.62 
10_13 Dalam 18.38 41.9 10.11 10.52 
10_14 Dalam 20.23 41.9 142.65 143.04 
10_16 Dalam 201.9 41.9 335.52 337.57 
10_17 Dalam 25.85 41.9 235.61 236.02 
10_19 Dalam 10.17 41.9 292.65 292.75 
5_02 Dalam 10.91 36.0 22.35 22.63 
5_04 Dalam 9.4 36.0 252.37 252.43 
5_06 Dalam 30.9 36.0 4.71 5.54 
5_07 Dalam 9.88 36.0 15.41 15.66 
5_09 Dalam 43.7 36.0 221.11 221.84 
5_10 Dalam 10.86 36.0 11.55 11.83 
5_11 Dalam 26.8 36.0 700.59 700.03 
5_12 Dalam 16.68 36.0 183.43 183.70 
5_13 Dalam 21.76 36.0 508.03 507.97 
5_14 Dalam 46.4 36.0 1426.89 1424.84 
5_16 Dalam 28.1 36.0 547.10 547.11 
5_17 Dalam 19.29 36.0 157.12 157.50 
5_20 Dalam 14.64 36.0 352.12 352.20 
5_24 Dalam 24.57 36.0 292.46 292.68 
5_25 Dalam 19.9 36.0 16.37 16.88 
5_26 Dalam 21.32 36.0 131.74 132.16 
7_04 Dalam 26.31 21.4 228.97 229.76 
7_05 Dalam 39.72 21.4 453.70 454.56 
7_06 Dalam 14.78 21.4 174.79 175.15 
7_09 Dalam 19.15 21.4 109.13 109.86 
7_10 Dalam 28.1 21.4 696.29 696.25 
E1_01 Ertsberg 15.17 37.1 208.39 208.65 
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Analysis 
ID Intrusion 
Cezircon 
(ppm) 
Cewhole 
rock 
(ppm) 
Ce+4/Ce+3 ratio values 
Tetravalent 
line fitting 
method 
Trivalent line 
fitting method 
("difference 
method") 
E1_01_2 Ertsberg 15.81 37.1 13.62 14.02 
E1_02 Ertsberg 12.4 37.1 188.30 188.53 
E1_02_2 Ertsberg 10.66 37.1 13.54 13.80 
E1_03 Ertsberg 10.82 37.1 262.07 262.22 
E1_03_2 Ertsberg 12.54 37.1 20.25 20.56 
E1_04 Ertsberg 13.85 37.1 18.81 19.15 
E1_04_2 Ertsberg 13.13 37.1 308.45 308.57 
E1_05 Ertsberg 9.88 37.1 193.77 193.94 
E1_05_2 Ertsberg 10.9 37.1 17.82 18.10 
E1_06 Ertsberg 13.05 37.1 403.30 403.36 
E1_06_2 Ertsberg 15.18 37.1 261.80 261.99 
E1_07 Ertsberg 13.94 37.1 68.13 68.47 
E1_07_2 Ertsberg 14.12 37.1 239.61 239.85 
E1_08 Ertsberg 9.48 37.1 458.67 458.74 
E1_08_2 Ertsberg 13.1 37.1 178.47 178.72 
E1_09 Ertsberg 9.74 37.1 463.61 463.66 
E1_09_2 Ertsberg 10.33 37.1 459.00 459.05 
E1_10 Ertsberg 11.23 37.1 190.67 190.87 
E1_10_2 Ertsberg 13.18 37.1 201.90 202.12 
E1_11 Ertsberg 11.45 37.1 577.36 577.32 
E1_11_2 Ertsberg 11.7 37.1 632.51 632.44 
E1_12 Ertsberg 12.28 37.1 214.52 214.72 
E1_12_2 Ertsberg 13.15 37.1 370.51 370.64 
E1_14 Ertsberg 12.62 37.1 249.89 250.10 
E1_14_2 Ertsberg 14.17 37.1 157.48 157.77 
E1_15 Ertsberg 11.22 37.1 1388.26 1387.87 
E1_15_2 Ertsberg 16.72 37.1 5.63 6.04 
E1_16 Ertsberg 12.19 37.1 85.73 86.02 
E1_16_2 Ertsberg 14.7 37.1 51.18 51.54 
E1_17 Ertsberg 11.48 37.1 192.37 192.56 
E1_17_2 Ertsberg 13.86 37.1 136.99 137.26 
E1_18 Ertsberg 12.98 37.1 98.14 98.44 
E1_18_2 Ertsberg 13.98 37.1 172.97 173.26 
E1t_01 Ertsberg 16.88 37.1 99.73 100.11 
E1t_02 Ertsberg 13.38 37.1 168.18 168.46 
E1t_03 Ertsberg 16.2 37.1 196.63 196.93 
E1t_04 Ertsberg 19.72 37.1 14.84 15.34 
E1t_06 Ertsberg 10.92 37.1 92.62 92.86 
E1t_07 Ertsberg 7.97 37.1 1957.76 1957.24 
E1t_08 Ertsberg 20.8 37.1 211.83 212.21 
E1t_10 Ertsberg 9.85 37.1 21.89 22.13 
E1t_11 Ertsberg 16.61 37.1 254.27 254.51 
E1t_12 Ertsberg 12.67 37.1 110.42 110.70 
E1t_13 Ertsberg 41.7 37.1 46.18 47.21 
E1t_15 Ertsberg 17.4 37.1 4.77 5.19 
E1t_16 Ertsberg 17.51 37.1 146.57 146.93 
E1t_17 Ertsberg 10.87 37.1 462.79 462.90 
E1t_18 Ertsberg 14.3 37.1 111.93 112.26 
E1t_19 Ertsberg 13.45 37.1 152.16 152.44 
E1t_20 Ertsberg 14.34 37.1 541.27 541.40 
E1t_21 Ertsberg 9.81 37.1 109.87 110.08 
E1t_22 Ertsberg 14.04 37.1 239.15 239.38 
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Analysis 
ID Intrusion 
Cezircon 
(ppm) 
Cewhole 
rock 
(ppm) 
Ce+4/Ce+3 ratio values 
Tetravalent 
line fitting 
method 
Trivalent line 
fitting method 
("difference 
method") 
E1t_23 Ertsberg 13.75 37.1 2462.78 2461.99 
E1t_24 Ertsberg 12.97 37.1 141.48 141.76 
E1t_25 Ertsberg 17.2 37.1 271.97 272.27 
E1t_26 Ertsberg 17.66 37.1 164.48 164.84 
E1t_27 Ertsberg 12.97 37.1 362.24 362.42 
E1t_28 Ertsberg 11.5 37.1 249.54 249.73 
E1t_29 Ertsberg 14.75 37.1 52.82 53.18 
E1t_30 Ertsberg 17.23 37.1 23.03 23.48 
E4_01 Ertsberg 13.47 45.5 131.03 131.26 
E4_01_2 Ertsberg 39.55 45.5 388.18 388.48 
E4_02 Ertsberg 30.54 45.5 78.48 79.07 
E4_02_2 Ertsberg 60 45.5 216.81 218.11 
E4_03 Ertsberg 64.5 45.5 243.97 244.85 
E4_03_2 Ertsberg 26.79 45.5 370.94 371.21 
E4_04 Ertsberg 12.07 45.5 59.05 59.27 
E4_04_2 Ertsberg 10.19 45.5 184.91 185.03 
E4t_01 Ertsberg 29.4 45.5 55.84 56.42 
E4t_02 Ertsberg 19.1 45.5 276.93 277.09 
E4t_03 Ertsberg 9.51 45.5 285.26 285.40 
E4t_04 Ertsberg 12.94 45.5 68.96 69.21 
E4t_05 Ertsberg 10.12 45.5 234.77 234.87 
E4t_06 Ertsberg 12.59 45.5 193.36 193.56 
E4t_07 Ertsberg 19.3 45.5 435.90 435.87 
E4t_08 Ertsberg 15.68 45.5 67.54 67.83 
E4t_09 Ertsberg 10.92 45.5 756.62 756.50 
15_02 Gajah Tidur 13.41 2.6 114.06 118.92 
15_04 Gajah Tidur 50.9 2.6 266.44 285.40 
15_06 Gajah Tidur 9.92 2.6 168.12 171.41 
15_08 Gajah Tidur 17.46 2.6 231.22 236.89 
15_09 Gajah Tidur 11.01 2.6 17.00 22.17 
15_12 Gajah Tidur 30.2 2.6 318.03 327.51 
15_13 Gajah Tidur 28.44 2.6 333.14 341.97 
15_14 Gajah Tidur 20.3 2.6 862.69 864.57 
15_15 Gajah Tidur 26.77 2.6 71.75 83.21 
15_18 Gajah Tidur 153 2.6 349.62 408.82 
15_19 Gajah Tidur 28.43 2.6 326.89 336.88 
15_20 Gajah Tidur 16.72 2.6 112.84 119.14 
16_01 Gajah Tidur 15.93 1.9 116.71 125.28 
16_02 Gajah Tidur 17.21 1.9 91.96 101.48 
16_04 Gajah Tidur 37.8 1.9 346.27 365.92 
16_06 Gajah Tidur 34.7 1.9 56.16 81.51 
16_07 Gajah Tidur 9.31 1.9 118.09 122.91 
16_09 Gajah Tidur 10.42 1.9 602.31 607.04 
17_05 Gajah Tidur 17.39 11.8 64.28 65.65 
17_07 Gajah Tidur 25.56 11.8 335.32 336.73 
17_09 Gajah Tidur 18.71 11.8 201.74 202.86 
17_11 Gajah Tidur 21.97 11.8 31.04 32.89 
17_14 Gajah Tidur 42.67 11.8 21.56 25.62 
17_15 Gajah Tidur 27.97 11.8 25.12 27.55 
17_18 Gajah Tidur 15.74 11.8 97.56 98.74 
17_19 Gajah Tidur 36.01 11.8 275.74 278.07 
17_20 Gajah Tidur 22.51 11.8 91.59 93.31 
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Analysis 
ID Intrusion 
Cezircon 
(ppm) 
Cewhole 
rock 
(ppm) 
Ce+4/Ce+3 ratio values 
Tetravalent 
line fitting 
method 
Trivalent line 
fitting method 
("difference 
method") 
17_22 Gajah Tidur 21.77 11.8 757.52 757.81 
17_25 Gajah Tidur 31.8 11.8 100.62 103.01 
17_26 Gajah Tidur 21.5 11.8 273.55 274.89 
17_27 Gajah Tidur 19.18 11.8 17.12 18.79 
17_28 Gajah Tidur 40.8 11.8 112.71 115.94 
18_01 Gajah Tidur 9.63 22.9 74.11 74.47 
18_02 Gajah Tidur 43.51 22.9 1091.03 1090.29 
18_03 Gajah Tidur 14.49 22.9 167.30 167.79 
18_04 Gajah Tidur 7.86 22.9 118.32 118.62 
18_05 Gajah Tidur 17.09 22.9 432.87 433.15 
18_06 Gajah Tidur 35.9 22.9 15.80 17.40 
18_07 Gajah Tidur 11.55 22.9 3.04 3.47 
18_08 Gajah Tidur 21.35 22.9 107.74 108.54 
18_10 Gajah Tidur 14.87 22.9 181.77 182.22 
18_11 Gajah Tidur 14.52 22.9 5.98 6.57 
18_12 Gajah Tidur 27.1 22.9 15.45 16.62 
18_13 Gajah Tidur 22.48 22.9 306.15 306.84 
18_14 Gajah Tidur 51.6 22.9 88.50 90.52 
18_15 Gajah Tidur 12.07 22.9 4.24 4.71 
18_16 Gajah Tidur 18.3 22.9 5.32 6.08 
18_18 Gajah Tidur 22.41 22.9 5.10 6.07 
18_19 Gajah Tidur 11.56 22.9 138.37 138.79 
11_01 Kali 31.1 52.2 667.90 667.70 
11_02 Kali 30.56 52.2 10.62 11.18 
11_03 Kali 19.56 52.2 8.29 8.63 
11_05 Kali 11.02 52.2 75.20 75.37 
11_06 Kali 16.85 52.2 64.90 65.17 
11_07 Kali 44.3 52.2 12.18 13.00 
11_08 Kali 27.36 52.2 1372.04 1370.79 
11_10 Kali 20.82 52.2 179.43 179.65 
11_11 Kali 27.44 52.2 315.54 315.75 
11_12 Kali 32.7 52.2 157.51 157.90 
11_14 Kali 28.73 52.2 324.03 324.15 
11_15 Kali 26.25 52.2 456.86 456.86 
11_16 Kali 22.53 52.2 149.76 150.03 
11_17 Kali 20 52.2 941.11 940.59 
11_19 Kali 11.16 52.2 32.80 32.99 
11_20 Kali 30.73 52.2 437.69 437.62 
11_22 Kali 14.02 52.2 337.42 337.48 
11_23 Kali 20.48 52.2 74.10 74.40 
11_24 Kali 22.53 52.2 494.25 494.13 
11_26 Kali 57.2 52.2 116.24 117.21 
11_28 Kali 19.56 52.2 116.47 116.74 
11_29 Kali 36.2 52.2 97.99 98.53 
11_30 Kali 24 52.2 218.65 218.89 
11t_01 Kali 19.67 52.2 670.25 669.93 
11t_01_2 Kali 11.96 52.2 206.84 206.93 
11t_02 Kali 21.35 52.2 226.50 226.69 
11t_02_2 Kali 20.67 52.2 99.76 100.06 
12_02 Kali 29.38 33.8 587.99 588.25 
12_03 Kali 15.36 33.8 182.72 183.05 
12_04 Kali 14.32 33.8 
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Analysis 
ID Intrusion 
Cezircon 
(ppm) 
Cewhole 
rock 
(ppm) 
Ce+4/Ce+3 ratio values 
Tetravalent 
line fitting 
method 
Trivalent line 
fitting method 
("difference 
method") 
12_05 Kali 15.97 33.8 209.35 209.73 
12_06 Kali 11.97 33.8 16.95 17.28 
12_08 Kali 10.77 33.8 320.79 320.95 
12_09 Kali 9.66 33.8 26.02 26.28 
12_11 Kali 13.84 33.8 17.80 18.18 
12_12 Kali 17.4 33.8 18.64 19.12 
12_14 Kali 22.81 33.8 274.04 274.45 
12_15 Kali 12.34 33.8 79.88 80.20 
12_16 Kali 7.45 33.8 389.00 389.04 
12_17 Kali 13.92 33.8 283.35 283.48 
12_18 Kali 19.66 33.8 167.14 167.58 
14_01 Kali 14.8 54.6 102.44 102.64 
14_02 Kali 35.63 54.6 1224.58 1223.38 
14_04 Kali 31.8 54.6 26.06 26.61 
14_05 Kali 23 54.6 36.38 36.77 
14_06 Kali 14.94 54.6 49.71 49.95 
14_07 Kali 13.8 54.6 165.40 165.53 
14_08 Kali 13.26 54.6 64.56 64.76 
14_09 Kali 9.84 54.6 153.76 153.86 
20_01 Kali 11.66 45.7 52.93 53.16 
20_02 Kali 14.08 45.7 89.88 90.11 
20_03 Kali 17.59 45.7 225.78 225.99 
20_04 Kali 23.26 45.7 127.73 128.13 
20_05 Kali 28.7 45.7 25.74 26.32 
20_06 Kali 14.31 45.7 177.40 177.62 
20_07 Kali 15.03 45.7 258.68 258.83 
20_08 Kali 9.25 45.7 5.02 5.19 
20_09 Kali 17.32 45.7 71.94 72.26 
22_01 Kali 10.17 55.1 126.05 126.17 
22_02 Kali 7.98 55.1 68.50 68.62 
22_04 Kali 17.26 55.1 54.47 54.73 
22_05 Kali 26.66 55.1 18.70 19.15 
22_06 Kali 31.21 55.1 740.38 740.06 
22_07 Kali 55.9 55.1 596.81 596.38 
22_08 Kali 12.36 55.1 1957.44 1956.39 
22_10 Kali 15.99 55.1 50.25 50.51 
22_11 Kali 54.23 55.1 341.92 342.38 
22_12 Kali 14.65 55.1 58.93 59.16 
22t_02 Kali 13.71 55.1 21.39 21.61 
22t_02_2 Kali 8.01 55.1 29.28 29.41 
22t_03 Kali 25.17 55.1 574.53 574.40 
22t_03_2 Kali 25.9 55.1 92.63 93.00 
22t_04 Kali 21.3 55.1 217.61 217.79 
22t_04_2 Kali 18.19 55.1 32.58 32.88 
22t_05 Kali 12.34 55.1 74.17 74.34 
22t_05_2 Kali 11.02 55.1 129.49 129.60 
22t_06 Kali 18.55 55.1 720.61 720.25 
22t_06_2 Kali 22.8 55.1 1.36 1.64 
22t_09 Kali 8.52 55.1 0.89 0.97 
22t_09_2 Kali 7.7 55.1 6.40 6.52 
22t_11 Kali 11.14 55.1 249.76 249.83 
22t_11_2 Kali 11.91 55.1 23.49 23.69 
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Analysis 
ID Intrusion 
Cezircon 
(ppm) 
Cewhole 
rock 
(ppm) 
Ce+4/Ce+3 ratio values 
Tetravalent 
line fitting 
method 
Trivalent line 
fitting method 
("difference 
method") 
22t_12 Kali 6.616 55.1 111.32 111.41 
22t_12_2 Kali 11.71 55.1 120.93 121.08 
K_01 Karume 21.78 56.7 673.98 673.69 
K_02 Karume 15.07 56.7 24.95 25.19 
K_03 Karume 22.15 56.7 15.88 16.24 
K_04 Karume 25.8 56.7 23.25 23.66 
K_05 Karume 14.3 56.7 481.70 481.55 
K_06 Karume 22.64 56.7 34.58 34.92 
K_07 Karume 13.48 56.7 26.52 26.74 
K_08 Karume 15.88 56.7 24.10 24.35 
K_09 Karume 18.99 56.7 34.81 35.10 
K_12 Karume 17.02 56.7 26.94 27.21 
K_13 Karume 14.92 56.7 332.42 332.42 
K_14 Karume 13.81 56.7 44.10 44.30 
K_15 Karume 18.36 56.7 361.68 361.62 
K_15_2 Karume 14.47 56.7 774.42 774.05 
K_16 Karume 26.62 56.7 547.75 547.56 
K_16_2 Karume 19.4 56.7 176.98 177.17 
K_17 Karume 18.19 56.7 152.31 152.53 
K_17_2 Karume 12.29 56.7 85.53 85.71 
K_18 Karume 15.12 56.7 99.93 100.11 
K_18_2 Karume 12.47 56.7 848.21 847.87 
K_19 Karume 21.34 56.7 1395.56 1394.37 
K_19_2 Karume 24.51 56.7 1449.42 1447.99 
K_20 Karume 30.2 56.7 342.12 342.11 
K_20_2 Karume 12.08 56.7 145.08 145.21 
K_21 Karume 25.78 56.7 401.45 401.38 
K_21_2 Karume 12.52 56.7 179.78 179.89 
K_22 Karume 11.22 56.7 18.26 18.43 
K_22_2 Karume 10.92 56.7 64.83 64.98 
K_23 Karume 19.24 56.7 541.05 540.86 
K_23_2 Karume 21.2 56.7 189.39 189.56 
K_24 Karume 6.62 56.7 196.32 196.35 
K_24_2 Karume 11.7 56.7 72.13 72.28 
K_25 Karume 14.11 56.7 31.18 31.39 
K_25_2 Karume 15.49 56.7 290.87 290.85 
Kt_01 Karume 15.73 56.7 467.87 467.75 
Kt_01_2 Karume 8.77 56.7 48.53 48.66 
Kt_02 Karume 5.18 56.7 2.80 2.86 
Kt_02_2 Karume 16.4 56.7 284.37 284.41 
Kt_04 Karume 13.46 56.7 1236.85 1236.37 
Kt_04_2 Karume 12.22 56.7 807.35 807.14 
Kt_05 Karume 21.7 56.7 17.11 17.45 
Kt_05_2 Karume 13.73 56.7 81.54 81.70 
Kt_07 Karume 13.29 56.7 22.41 22.62 
Kt_07_2 Karume 19.75 56.7 28.02 28.33 
Kt_08 Karume 12.79 56.7 33.71 33.91 
Kt_08_2 Karume 12.69 56.7 500.75 500.63 
Kt_09 Karume 16.38 56.7 1442.25 1441.27 
Kt_09_2 Karume 14.13 56.7 523.08 522.93 
Kt_10 Karume 10.72 56.7 2.15 2.28 
Kt_10_2 Karume 20.3 56.7 157.39 157.58 
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Analysis 
ID Intrusion 
Cezircon 
(ppm) 
Cewhole 
rock 
(ppm) 
Ce+4/Ce+3 ratio values 
Tetravalent 
line fitting 
method 
Trivalent line 
fitting method 
("difference 
method") 
Kt_11 Karume 15.26 56.7 189.82 189.95 
Kt_11_2 Karume 16.47 56.7 256.40 256.47 
Kt_12 Karume 17.76 56.7 19.90 20.18 
Kt_12_2 Karume 16.1 56.7 299.25 299.20 
Kt_13 Karume 21.22 56.7 120.51 120.75 
Kt_13_2 Karume 23.34 56.7 2322.70 2320.29 
Kt_15 Karume 19.6 56.7 238.06 238.15 
Kt_15_2 Karume 13.7 56.7 188.74 188.83 
Kt_16 Karume 11.86 56.7 493.54 493.48 
Kt_16_2 Karume 17.3 56.7 671.19 670.96 
Kt_17 Karume 11.96 56.7 22.12 22.31 
Kt_17_2 Karume 17.74 56.7 68.02 68.27 
Kt_18 Karume 14.33 56.7 27.72 27.95 
Kt_18_2 Karume 19.05 56.7 1250.23 1249.27 
Kt_19 Karume 14.74 56.7 278.46 278.51 
Kt_19_2 Karume 14.68 56.7 83.63 83.82 
Kt_20 Karume 18.63 56.7 1033.75 1033.12 
Kt_20_2 Karume 13.58 56.7 294.31 294.35 
Kt_21 Karume 17.51 56.7 599.93 599.68 
Kt_23 Karume 14.25 56.7 56.65 56.85 
Kt_24 Karume 17.37 56.7 130.30 130.47 
Kt_25 Karume 15.62 56.7 27.39 27.63 
Kt_26 Karume 15.12 56.7 580.54 580.26 
Kt_27 Karume 10 56.7 164.90 164.97 
Kt_28 Karume 27.7 56.7 109.44 109.73 
Kt_29 Karume 28.8 56.7 620.82 620.38 
Kt_31 Karume 14.82 56.7 145.65 145.79 
Kt_32 Karume 14 56.7 174.56 174.67 
Kt_33 Karume 19.1 56.7 84.95 85.20 
2_01 MGI 27 48.6 62.10 62.59 
2_02 MGI 10.62 48.6 70.07 70.25 
2_03 MGI 17.25 48.6 55.59 55.91 
2_05 MGI 19.62 48.6 93.83 94.13 
2_06 MGI 10.51 48.6 70.83 71.00 
4_01 MGI 13.43 9.0 313.89 315.00 
4_02 MGI 8.75 9.0 255.85 256.41 
4_03 MGI 30.28 9.0 397.02 399.22 
4_04 MGI 14.24 9.0 93.99 95.40 
4_07 MGI 8.58 9.0 73.75 74.63 
4_08 MGI 13.13 9.0 185.23 186.45 
4_09 MGI 10.76 9.0 121.91 122.92 
4_10 MGI 10.97 9.0 62.38 63.47 
4_12 MGI 15.56 9.0 230.94 232.00 
24_01 porphyritic dyke 15.06 186.1 150.33 150.23 
24_02 porphyritic dyke 11.1 186.1 165.31 165.27 
24_04 porphyritic dyke 15.95 186.1 195.83 195.74 
24_05 porphyritic dyke 25.39 186.1 23.07 23.18 
24_06 porphyritic dyke 23.46 186.1 97.47 97.47 
24_07 porphyritic dyke 19.14 186.1 784.65 784.10 
24_08 porphyritic dyke 40.36 186.1 985.55 983.69 
24_09 porphyritic dyke 22.5 186.1 
24_10 porphyritic dyke 13.87 186.1 301.99 301.86 
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ID Intrusion 
Cezircon 
(ppm) 
Cewhole 
rock 
(ppm) 
Ce+4/Ce+3 ratio values 
Tetravalent 
line fitting 
method 
Trivalent line 
fitting method 
("difference 
method") 
24_11 porphyritic dyke 24.21 186.1 892.52 891.50 
24_12 porphyritic dyke 15.7 186.1 41.34 41.39 
24_13 porphyritic dyke 27.1 186.1 241.58 241.38 
24_14 porphyritic dyke 17.76 186.1 141.77 141.77 
24_15 porphyritic dyke 18.18 186.1 1024.38 1023.63 
24_16 porphyritic dyke 16.35 186.1 834.84 834.18 
24_18 porphyritic dyke 13.51 186.1 147.33 147.30 
24_20 porphyritic dyke 24.9 186.1 143.56 143.53 
24_21 porphyritic dyke 17.39 186.1 625.27 624.76 
W_01 Wanagon 6.47 36.9 118.62 118.77 
W_03 Wanagon 15.65 36.9 5.72 6.10 
W_03_2 Wanagon 10.2 36.9 20.86 21.12 
W_05 Wanagon 18.29 36.9 244.85 245.21 
W_05_2 Wanagon 13.6 36.9 46.84 47.18 
W_06 Wanagon 11.95 36.9 205.72 205.97 
W_06_2 Wanagon 14.33 36.9 100.44 100.78 
W_07 Wanagon 18.09 36.9 413.88 414.15 
W_07_2 Wanagon 13.95 36.9 194.71 195.00 
W_08 Wanagon 12.6 36.9 825.24 825.26 
W_08_2 Wanagon 16.83 36.9 562.90 563.07 
W_09 Wanagon 14.02 36.9 420.03 420.27 
W_09_2 Wanagon 12.65 36.9 39.77 40.09 
W_11 Wanagon 13.73 36.9 45.18 45.53 
W_11_2 Wanagon 14.75 36.9 347.11 347.34 
W_13 Wanagon 19.9 36.9 12.21 12.72 
W_13_2 Wanagon 16.27 36.9 87.73 88.12 
W_16 Wanagon 11.56 36.9 135.90 136.16 
W_16_2 Wanagon 7.36 36.9 246.06 246.20 
W_17 Wanagon 13.17 36.9 173.38 173.67 
W_17_2 Wanagon 16.83 36.9 2055.13 2054.53 
Wt_03 Wanagon 13.12 36.9 1451.89 1451.69 
Wt_04 Wanagon 21.27 36.9 133.41 133.91 
Wt_08 Wanagon 17.43 36.9 89.00 89.43 
Wt_09 Wanagon 18.66 36.9 499.54 499.77 
Wt_10 Wanagon 19.5 36.9 1605.57 1605.30 
Wt_11 Wanagon 9.16 36.9 1740.70 1740.44 
Wt_13 Wanagon 12.89 36.9 226.71 226.98 
Wt_14 Wanagon 16.15 36.9 309.75 310.06 
Wt_15 Wanagon 18.13 36.9 380.12 380.41 
Wt_16 Wanagon 20.03 36.9 2506.77 2506.04 
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Table D4. Zircon Ce ratio calculation data (part 2). 
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1_01 -250 7.542 0.972 0.012080989 23.17743405 -171.3 7.836 0.995 0.000423225 661.6018236 
1_02 -293.3 7.558 0.986 0.001547261 208.1194874 -225.4 7.749 0.994 0.000811035 397.0423169 
1_03 -291.6 7.45 0.989 0.001506519 159.3412271 208 7.75 0.993 2.02853E-05 11833.73149 
1_04 -250.8 7.677 0.971 0.013308022 28.77778178 -192.9 7.73 0.991 0.000762191 502.4663638 
1_05 -303 7.227 0.994 0.000698731 155.7284861 -284.9 7.87 0.999 0.000386929 281.2202115 
1_06 -235.8 7.093 0.969 0.015208498 15.71128429 -239.5 7.756 0.995 0.000667376 358.0365824 
1_07 -324 8.207 0.997 0.000681833 567.475921 -253.8 7.755 0.996 0.001209934 319.7889989 
10_01 -247.9 7.84 0.975 0.017994772 21.34823002 -185.1 8.277 0.996 0.000416214 922.9779087 
10_02 -300.3 8.594 0.973 0.003119457 271.5387029 -202.9 8.253 0.995 0.001080623 783.8560287 
10_03 -240.2 7.883 0.962 0.02715039 18.61367892 -208.4 8.3 0.997 0.00064219 786.9451361 
10_04 -366.6 9.861 0.993 0.000464574 1181.287497 -197.7 8.307 0.998 0.000636852 861.7309509 
10_05 -243.8 7.904 0.969 0.023340603 20.24116281 -221.5 8.257 0.996 0.000694427 680.3321717 
10_06 -305 7.939 0.99 0.00129414 205.5777239 -229 8.224 0.995 0.000428621 620.7035959 
10_08 -315.5 9.131 0.994 0.002579524 516.1511696 -204.6 8.244 0.996 0.001736881 766.5606338 
10_09 -317.3 8.648 0.998 0.001460102 290.5566389 -218.7 8.224 0.995 0.000630526 672.8390177 
10_10 -238 8.333 0.979 0.047305326 8.726064109 -239.7 8.236 0.997 0.000714529 577.7083173 
10_11 -268 9.005 0.977 0.022057402 38.72674643 -124.2 8.2 0.984 0.00062046 1376.738534 
10_12 -264.1 8.62 0.976 0.018087027 47.75553621 -196.8 8.142 0.99 0.001173862 735.8235882 
10_13 -236 8.057 0.978 0.039499495 11.10289693 -252.4 8.289 0.998 0.000795225 551.4900885 
10_14 -289.7 8.162 0.979 0.003362495 143.554428 -221.7 8.268 0.998 0.000702846 686.7807499 
10_16 -298.5 10.04 0.998 0.014436465 333.701216 -231.2 8.163 0.994 0.008392819 573.9985862 
10_17 -306 8.688 0.997 0.002609122 236.400588 -216.2 8.229 0.996 0.000894455 689.5794599 
10_19 -312.8 7.864 0.995 0.000826755 293.5125233 -247.7 8.198 0.994 0.000464519 522.3962677 
5_02 -245 7.374 0.987 0.01297203 23.33630196 -248.8 7.969 0.996 0.00073491 411.9133726 
5_04 -304.5 7.687 0.996 0.00103021 253.1730272 -265.3 7.901 0.994 0.000771224 338.1915891 
5_06 -204.3 7.877 0.973 0.150291656 5.704779053 -200.8 7.967 0.995 0.001432202 598.6451788 
5_07 -235.1 7.154 0.969 0.016715511 16.4003265 -249.5 7.979 0.997 0.000662527 413.7789249 
5_09 -283.6 8.357 0.981 0.005471 221.6307148 -209.8 7.979 0.995 0.002147443 564.6443516 
5_10 -225.6 7.062 0.968 0.024016612 12.54680937 -213.1 7.93 0.993 0.000575139 523.9288888 
5_11 -321.7 8.54 0.998 0.001061883 700.2827388 -256.6 8 0.997 0.0018604 399.7088738 
5_12 -287.6 7.77 0.99 0.002512131 184.2336521 -245.8 7.979 0.996 0.001086577 425.9423748 
5_13 -314.3 8.298 0.998 0.001187683 508.3627573 -239.8 8.015 0.996 0.001304622 462.7958678 
5_14 -344.2 9.455 0.996 0.000903764 1424.552118 -220.3 8.037 0.997 0.002336018 551.1337756 
5_16 -319.3 8.719 0.995 0.001424529 547.3310783 -210.6 7.973 0.995 0.00139789 557.7616943 
5_17 -279.4 7.677 0.984 0.0033884 157.962051 -218 7.983 0.995 0.001006748 531.6510395 
5_20 -308.3 7.98 0.994 0.001151423 352.7940414 -240.2 7.976 0.996 0.000915513 443.7023405 
5_24 -299.3 8.253 0.998 0.002326794 292.996514 -235.6 7.905 0.995 0.001591184 428.4497522 
5_25 -230.6 7.583 0.975 0.031835541 17.34427121 -240.7 7.961 0.996 0.00126821 435.3885134 
5_26 -278.6 7.914 0.996 0.004462119 132.5748779 -226.6 7.954 0.995 0.001225226 482.8212328 
7_04 -280.5 8.188 0.961 0.005358811 229.5311469 -196.2 7.993 0.994 0.001931105 636.9483697 
7_05 -309.8 9.32 0.998 0.004092885 453.7001005 -154.9 7.948 0.981 0.002206936 841.4119442 
7_06 -285.1 8.1 0.99 0.003938156 175.4570013 -262.8 7.947 0.993 0.00191347 361.1120868 
7_09 -274.6 8.324 0.954 0.008141332 109.9670386 -213.2 8.049 0.996 0.001518255 589.675823 
7_10 -328.3 9.431 0.997 0.001887681 695.9321653 -196.4 8.054 0.997 0.001943477 675.9523148 
E1_01 -299.6 8.093 0.996 0.001954514 209.2429964 -265.7 8.477 0.997 0.00068192 599.7305274 
E1_01_2 -241.9 8.036 0.983 0.029168116 14.61260455 -266.7 8.499 0.997 0.00070069 608.2890012 
E1_02 -302.4 8.126 0.997 0.001766872 189.1998544 -261.1 8.448 0.996 0.000553504 603.955166 
E1_02_2 -232.9 7.217 0.98 0.019777968 14.53047035 -263.2 8.493 0.997 0.000462439 621.450503 
E1_03 -307.3 7.895 0.998 0.001109413 262.9286977 -280 8.491 0.998 0.000536444 543.7592896 
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E1_03_2 -241.7 7.421 0.979 0.015921059 21.23389801 -284.6 8.591 0.999 0.000583188 579.6863221 
E1_04 -230 7.031 0.974 0.018864518 19.79284371 -299 8.474 0.998 0.000810481 460.6922886 
E1_04_2 -315.3 8.309 0.994 0.001144733 309.2179015 -299.7 8.489 0.997 0.000761069 465.0984483 
E1_05 -303 7.899 0.997 0.001368221 194.672648 -273.2 8.463 0.997 0.000477628 557.6619382 
E1_05_2 -239.8 7.311 0.976 0.015619567 18.81315563 -275.7 8.519 0.998 0.00050809 578.3487729 
E1_06 -318.3 8.179 0.998 0.000870815 404.0069673 -298.5 8.507 0.998 0.00073599 478.0166192 
E1_06_2 -294.8 7.637 0.991 0.001558521 262.5809119 -300.4 8.549 0.998 0.000833209 491.1589815 
E1_07 -280.9 8.222 0.997 0.005439076 69.09423562 -245.5 8.426 0.994 0.000562945 667.5759501 
E1_07_2 -302.9 8.04 0.997 0.001582957 240.4749416 -244.9 8.413 0.996 0.000574968 662.0568091 
E1_08 -327.4 8.166 0.995 0.000556214 459.4839243 -265.7 8.509 0.998 0.000412723 619.232268 
E1_08_2 -305.3 8.373 0.997 0.001968942 179.3669779 -263.4 8.46 0.997 0.000588275 600.3364212 
E1_09 -323.9 8.015 0.997 0.000565419 464.4003697 -274.2 8.502 0.998 0.00045641 575.3178093 
E1_09_2 -322.9 8.036 0.997 0.000605709 459.7697048 -271.5 8.444 0.997 0.000502231 554.4987209 
E1_10 -294.3 7.627 0.994 0.001580362 191.5699512 -274.5 8.52 0.997 0.000518059 584.3928821 
E1_10_2 -303.2 8.156 0.994 0.001752327 202.7703251 -271.8 8.461 0.997 0.000631475 562.6824292 
E1_11 -331.7 8.331 0.994 0.000534042 578.0087878 -282.9 8.454 0.997 0.000602606 512.2427839 
E1_11_2 -332.4 8.295 0.994 0.000498195 633.126932 -283.8 8.475 0.997 0.000607232 519.4400477 
E1_12 -302.7 8.001 0.998 0.001537044 215.3854221 -274.9 8.456 0.997 0.000605833 546.4492101 
E1_12_2 -302.2 7.501 0.995 0.000954829 371.2822947 -277.7 8.516 0.998 0.000624517 567.6564722 
E1_14 -306.5 8.058 0.997 0.001356757 250.761798 -250.1 8.489 0.997 0.000496073 685.8326403 
E1_14_2 -301.1 8.375 0.991 0.002411847 158.3887149 -250.5 8.497 0.998 0.000554296 689.1793211 
E1_15 -351.2 8.367 0.991 0.000217836 1388.57147 -266.3 8.497 0.998 0.000496701 608.9780555 
E1_15_2 -214.5 7.572 0.981 0.068012152 6.627563492 -264.8 8.465 0.997 0.000755327 596.7675854 
E1_16 -283.2 7.971 0.998 0.003790866 86.6900895 -242.6 8.45 0.995 0.00046981 699.4967398 
E1_16_2 -271.4 8.102 0.998 0.007599008 52.15122909 -242.3 8.444 0.996 0.000568619 696.9476033 
E1_17 -307.8 8.286 0.996 0.001601459 193.254746 -286.2 8.475 0.997 0.000607117 509.769468 
E1_17_2 -301.8 8.525 0.992 0.002709896 137.8842983 -285.8 8.468 0.997 0.000735823 507.8015559 
E1_18 -289.7 8.211 0.996 0.003531361 99.09158422 -243.4 8.492 0.997 0.000482696 724.9457806 
E1_18_2 -302.1 8.316 0.997 0.002167469 173.8834774 -243.1 8.486 0.997 0.000521785 722.3039016 
E1t_01 -285.1 8.238 0.997 0.004520907 100.6586253 -270 8.572 0.998 0.00071365 637.6630442 
E1t_02 -301.2 8.257 0.995 0.002133171 169.0964873 -252.9 8.603 0.998 0.000479683 751.9792271 
E1t_03 -296.6 8.073 0.998 0.002211429 197.4904484 -267.2 8.495 0.998 0.00072368 603.4932968 
E1t_04 -222.6 7.254 0.965 0.033590498 15.82685438 -259.1 8.582 0.999 0.000757896 701.4577245 
E1t_06 -282.1 7.732 0.992 0.003146246 93.56944223 -298.2 8.548 0.998 0.000589736 499.1939013 
E1t_07 -361.5 8.174 0.99 0.000109735 1958.025815 -296.4 8.667 0.999 0.000376783 570.2581768 
E1t_08 -296.6 8.249 0.995 0.002636992 212.6466707 -271.7 8.583 0.999 0.000881414 636.1907459 
E1t_10 -253.7 7.679 0.985 0.011607516 22.87710561 -278.3 8.571 0.998 0.000444845 596.9409715 
E1t_11 -311.9 8.574 0.996 0.001755585 255.0656553 -284.9 8.572 0.998 0.000789137 567.4417117 
E1t_12 -287.9 7.984 0.998 0.003067251 111.3605704 -260.5 8.525 0.997 0.000521189 655.3688236 
E1t_13 -252 8.319 0.969 0.023878251 47.08013255 -303.6 8.594 0.999 0.00224366 501.0524569 
E1t_15 -189.2 6.541 0.928 0.081357121 5.765776669 -240.8 8.495 0.997 0.000632125 742.0790199 
E1t_16 -300.7 8.639 0.998 0.0032012 147.4610878 -271 8.587 0.999 0.000734997 642.2513042 
E1t_17 -331.5 8.49 0.986 0.000632095 463.6080826 -236.1 8.476 0.996 0.000387929 755.4082261 
E1t_18 -293.2 8.345 0.998 0.003415314 112.8780523 -240.2 8.538 0.997 0.000495308 778.3325954 
E1t_19 -298.3 8.223 0.997 0.002368659 153.0819373 -261.1 8.561 0.998 0.000536224 676.2074899 
E1t_20 -329.1 8.496 0.997 0.000713255 542.0117641 -247.3 8.627 0.999 0.000480375 804.7716452 
E1t_21 -275 7.116 0.992 0.002386483 110.8191385 -279.4 8.553 0.999 0.000454988 581.2638977 
E1t_22 -311.8 8.462 0.997 0.001577096 240.0010288 -280 8.58 0.998 0.000636814 594.3727612 
E1t_23 -378.6 9.308 0.977 0.000150525 2462.621965 -244.1 8.579 0.998 0.000471301 786.5180196 
E1t_24 -291.8 7.948 0.998 0.002455266 142.4116816 -247.8 8.556 0.998 0.000468281 746.6849929 
E1t_25 -312.2 8.556 0.997 0.001699701 272.8098932 -254.4 8.661 0.999 0.000588761 787.5786195 
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E1t_26 -300.2 8.509 0.995 0.002878997 165.3688005 -255.3 8.578 0.999 0.000661467 719.7586158 
E1t_27 -326 8.648 0.996 0.000963063 363.0690924 -252.4 8.575 0.998 0.000476319 734.084296 
E1t_28 -306.7 7.976 0.998 0.001238042 250.4186589 -259.5 8.516 0.997 0.000473614 654.6027087 
E1t_29 -268.4 7.931 0.991 0.007392864 53.78775674 -246 8.568 0.998 0.000518831 766.4258843 
E1t_30 -254.8 8.242 0.986 0.019337323 24.02110908 -223.4 8.5 0.994 0.000543496 854.6598327 
E4_01 -295.1 8.015 0.996 0.002242044 131.9695044 -213.3 8.066 0.994 0.000493698 599.3165364 
E4_01_2 -309.9 8.72 0.996 0.002235505 388.6162721 -213.1 8.061 0.995 0.00145456 597.2620529 
E4_02 -290.3 9.112 0.997 0.008448456 79.40387979 -189 8.035 0.99 0.00095453 702.7962356 
E4_02_2 -300.6 9.271 0.997 0.006051518 217.7895283 187.2 7.997 0.989 0.000102387 12872.36958 
E4_03 -300.1 9.204 0.995 0.005796332 244.4311189 -205.3 8.065 0.993 0.002222708 637.4224144 
E4_03_2 -310.9 8.423 0.994 0.001583495 371.6259687 -212.6 8.221 0.999 0.000836316 703.6430057 
E4_04 -275.9 7.775 0.997 0.004418373 60.00603405 -265.1 8.068 0.996 0.000662349 400.2857365 
E4_04_2 -296.4 7.456 0.996 0.00120467 185.8044843 -261.6 7.991 0.996 0.000587614 380.9182556 
E4t_01 -268.3 8.357 0.986 0.011373641 56.78032344 -211.1 8.12 0.996 0.001003478 643.560882 
E4t_02 -309.1 8.29 0.997 0.001510941 277.6743598 -248.5 8.084 0.995 0.000905761 463.201501 
E4t_03 -309.3 7.572 0.998 0.00072991 286.1943423 -167.3 8.078 0.994 0.000240233 869.5581711 
E4t_04 -283.1 8.036 0.996 0.004064853 69.92612302 -235.2 8.112 0.996 0.000537682 528.6389052 
E4t_05 -310 7.862 0.997 0.000943352 235.6443385 -273.5 8.161 0.998 0.000540427 411.3332994 
E4t_06 -293.1 7.465 0.992 0.001423406 194.2884185 -188.2 8.143 0.996 0.000351012 787.8685543 
E4t_07 -317.5 8.25 0.996 0.000971358 436.4434125 -281.5 8.2 0.998 0.001055313 401.7223453 
E4t_08 -284.9 8.335 0.996 0.005029292 68.48402493 -270.6 8.119 0.997 0.000853652 403.4738994 
E4t_09 -335.7 8 0.997 0.00031676 757.2556431 -253.7 8.198 0.999 0.000481257 498.420667 
15_02 -308.8 11.67 0.98 0.045018912 114.567235 -273.5 9.236 0.998 0.004279519 1205.203647 
15_04 -296.8 11.59 0.984 0.073778882 265.3458883 -174.4 9.187 0.992 0.007851597 2493.368451 
15_06 -307.7 10.93 0.988 0.022639551 168.5273989 -277.9 9.17 0.996 0.003500292 1090.018957 
15_08 -305.4 11.07 0.987 0.029070187 231.0058988 -254.6 9.144 0.994 0.005268571 1274.612046 
15_09 -239.2 9.998 0.966 0.236092555 17.93625125 -281 9.24 0.998 0.00371126 1141.018237 
15_12 -299.9 11.04 0.985 0.036700553 316.4907232 -249.9 9.239 0.998 0.007987566 1454.183276 
15_13 -299 10.89 0.985 0.032978013 331.6895267 -251.2 9.272 0.998 0.007352351 1487.750113 
15_14 -341.8 11.65 0.971 0.009103059 857.6998226 -276.5 9.19 0.997 0.006944513 1124.296554 
15_15 -286 11.73 0.986 0.142261004 72.3750963 -197.9 9.148 0.993 0.005161094 1994.95552 
15_18 -285.8 11.92 0.981 0.173682674 338.8141858 -212.6 9.128 0.992 0.033764523 1742.839804 
15_19 -315.2 11.68 0.986 0.033480218 326.5992922 -152.6 9.118 0.985 0.003961401 2760.290297 
15_20 -288.5 10.93 0.986 0.056717466 113.3825205 -233.6 9.202 0.997 0.004039073 1592.139731 
16_01 -306.8 12.01 0.994 0.069598823 117.5568472 -235 10.6 0.996 0.001283766 6373.293619 
16_02 -287.7 11.41 0.997 0.095235064 92.81497257 -251.1 10.59 0.996 0.001589076 5562.502078 
16_04 -319.9 12.42 0.997 0.056044277 346.4133126 -198.8 10.52 0.991 0.002485428 7811.323833 
16_06 -252.2 10.9 0.949 0.312436595 57.04290399 -199.7 10.64 0.998 0.002037906 8745.393935 
16_07 -295.7 10.93 0.997 0.040192816 118.9694054 -276.3 10.61 0.998 0.001026419 4658.640284 
16_09 -337.3 11.41 0.992 0.00888049 602.6495496 -269.7 10.61 0.997 0.001090933 4905.729565 
17_05 -278.1 9.514 0.997 0.022635967 65.16084845 -242.4 8.588 0.995 0.001833949 804.2636996 
17_07 -306.8 9.633 0.997 0.006460764 335.5545513 -224.9 8.62 0.996 0.002276352 952.3742081 
17_09 -300.9 9.545 0.997 0.007845651 202.269783 -264.6 8.594 0.995 0.00233373 680.0006812 
17_11 -245.2 8.886 0.979 0.058278251 31.97494012 -240.2 8.616 0.997 0.002214502 841.4730049 
17_14 -222.8 8.83 0.957 0.160882893 22.49567193 -204.6 8.665 0.997 0.00309902 1167.843074 
17_15 -228 8.51 0.966 0.091099087 26.04141837 -261.3 8.658 0.998 0.003188983 743.920296 
17_18 -287.4 9.447 0.996 0.013567781 98.39705424 -248.1 8.62 0.996 0.001681043 794.1674236 
17_19 -285.2 9.138 0.983 0.011066576 275.9917091 -212.4 8.69 0.998 0.002711394 1126.462195 
17_20 -280.4 9.533 0.998 0.020666734 92.38252672 -236.4 8.612 0.996 0.002211241 863.4268667 
17_22 -323.4 9.453 0.994 0.002439342 756.9582525 -242.1 8.691 0.998 0.002066301 893.6161316 
17_25 -260.4 8.83 0.972 0.026633642 101.2704551 -258.1 8.666 0.998 0.003507764 768.9231017 
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17_26 -298.7 9.275 0.996 0.006653818 274.0651042 -216.5 8.633 0.995 0.001769724 1030.431405 
17_27 -226.9 8.444 0.966 0.089887917 18.09812079 -201.9 8.664 0.996 0.00136522 1191.604146 
17_28 -261.8 9.033 0.98 0.030514734 113.4061913 -193.1 8.657 0.996 0.002729785 1267.703954 
18_01 -290.2 8.697 0.997 0.005605605 75.05126397 -265.4 8.364 0.996 0.000783573 536.9094903 
18_02 -338.6 9.845 0.994 0.00174486 1089.388096 -216.2 8.358 0.994 0.002422897 784.5277413 
18_03 -305.8 9.045 0.997 0.003764369 168.1630019 -221.4 8.413 0.997 0.000795448 795.8129732 
18_04 -296.5 8.332 0.987 0.00287894 119.2735341 -231.2 8.522 0.999 0.000417786 821.9067398 
18_05 -332.7 9.55 0.996 0.001722689 433.4005913 -225.2 8.297 0.991 0.00108539 687.8762368 
18_06 -229.3 8.598 0.973 0.093481687 16.77730179 -191.8 8.378 0.995 0.001618744 968.881261 
18_07 -216.6 8.28 0.977 0.124865625 4.041041357 -247.6 8.319 0.995 0.000855158 590.0512908 
18_08 -287.7 9.004 0.998 0.008587848 108.6094794 -219.8 8.401 0.995 0.001171417 796.2336981 
18_10 -307.5 9.07 0.998 0.003558236 182.5704259 -245.1 8.29 0.992 0.001111395 584.5166696 
18_11 -219.4 8.097 0.974 0.090949753 6.974599886 -223.1 8.407 0.996 0.000812637 780.5920212 
18_12 -232.2 8.477 0.972 0.072099805 16.42061471 -234.9 8.368 0.996 0.001729676 684.4767652 
18_13 -308.9 9.031 0.998 0.003200476 306.85697 -178.1 8.339 0.99 0.000946735 1037.342707 
18_14 -273.4 9.399 0.996 0.025263301 89.23060009 -224 8.354 0.995 0.003066606 735.0991098 
18_15 -204 7.462 0.961 0.100678022 5.237533373 -254.5 8.276 0.996 0.000984716 535.4889028 
18_16 -219 8.409 0.974 0.126651623 6.312400404 -227.2 8.366 0.996 0.001101869 725.5632623 
18_18 -213.9 8.403 0.965 0.160675352 6.093219228 -202.5 8.405 0.995 0.001069515 915.3966787 
18_19 -299.1 8.687 0.997 0.003625738 139.2886208 -200.1 8.36 0.994 0.000566349 891.7183218 
11_01 -327.7 8.652 0.998 0.000891409 668.1073747 -228.3 8.005 0.996 0.001187871 501.3652613 
11_02 -214.6 7.277 0.947 0.050395563 11.61245862 -232.9 8.035 0.997 0.001174293 498.3563417 
11_03 -222.4 7.428 0.972 0.040358811 9.280975455 -240.9 7.965 0.996 0.000858219 436.4495107 
11_05 -283 7.648 0.993 0.002770869 76.16032269 -249.3 7.946 0.995 0.000526293 400.9745264 
11_06 -272.9 7.735 0.991 0.004900166 65.8494675 -259.6 7.984 0.997 0.000839789 384.2315888 
11_07 -220.7 7.815 0.964 0.064465162 13.15957244 -225.7 7.962 0.996 0.001730795 490.1413244 
11_08 -347 8.728 0.992 0.000382083 1371.266731 -254.9 8 0.997 0.001293464 405.0651966 
11_10 -295.3 8.011 0.968 0.002211832 180.2568001 -251.9 7.989 0.997 0.000972062 410.1565981 
11_11 -313.3 8.586 0.998 0.001661692 316.2253345 -226.8 8.039 0.997 0.001001212 524.8331487 
11_12 -286.3 8.162 0.99 0.003956318 158.2777048 -248.9 7.998 0.997 0.001477919 423.701854 
11_14 -310.9 8.491 0.997 0.001694918 324.6011311 -246.8 7.972 0.997 0.001310958 419.6721173 
11_15 -319.6 8.474 0.997 0.0010991 457.3568365 -238.8 7.986 0.997 0.001109422 453.1016077 
11_16 -286.4 7.844 0.981 0.002864891 150.5969467 -257.7 7.992 0.997 0.001097478 393.1232201 
11_17 -343.3 8.614 0.998 0.00040692 941.2042609 -255.2 7.981 0.998 0.000965917 396.5090769 
11_19 -260.7 7.407 0.984 0.006326995 33.77768158 -278.4 8.02 0.998 0.00062163 343.7914419 
11_20 -312.1 8.316 0.997 0.001343443 438.0327283 -259.7 8 0.997 0.001508426 390.1231402 
11_22 -304.2 7.412 0.994 0.000793828 338.2084672 -245 7.995 0.997 0.00061644 435.5320266 
11_23 -257.6 7.068 0.963 0.005228404 75.01082251 -274 7.979 0.997 0.001148262 341.5481507 
11_24 -319 8.214 0.997 0.000872137 494.6973603 -258.5 7.974 0.997 0.001124433 383.6991697 
11_26 -274.5 8.458 0.997 0.009353373 117.1091687 -121 7.813 0.958 0.001142609 958.6534721 
11_28 -279.9 7.641 0.982 0.003191342 117.3704031 -245.6 7.984 0.997 0.000873634 428.7483428 
11_29 -270.4 7.974 0.985 0.007013594 98.83962441 -236.1 7.934 0.997 0.001577893 439.3332778 
11_30 -306.6 8.497 0.998 0.002094499 219.4291485 -239.5 7.982 0.996 0.001023992 448.825947 
11t_01 -325.5 8.085 0.997 0.000561738 670.5540015 -275.8 8.055 0.998 0.001036646 363.3599958 
11t_01_2 -300.8 7.578 0.988 0.001102679 207.7041843 -275.1 8.04 0.997 0.000636343 359.9176661 
11t_02 -303.3 8.187 0.997 0.001798875 227.2793983 -257.5 8.061 0.997 0.000969139 421.8666069 
11t_02_2 -286.7 8.175 0.995 0.003932128 100.6644196 -257.5 8.061 0.998 0.000938271 421.8666069 
12_02 -316.8 8.637 0.994 0.001479084 588.3782458 -141.8 7.835 0.989 0.001045122 832.6877595 
12_03 -273 7.058 0.958 0.002478084 183.6000141 -177.2 7.913 0.998 0.00066683 682.2969225 
12_05 -282.4 7.411 0.964 0.002249843 210.2569147 -114 7.873 0.996 0.000439925 1075.286052 
12_06 -210.9 6.164 0.917 0.01976442 17.93938867 -169.3 7.857 0.997 0.000516623 686.3066686 
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12_08 -325.3 8.644 0.977 0.00099188 321.6282878 -181.8 7.888 0.996 0.000496982 641.9082624 
12_09 -235.7 6.727 0.961 0.010597707 26.99993978 -233.3 7.896 0.998 0.000661854 432.3274267 
12_11 -237.3 7.526 0.969 0.021826081 18.78269412 -227 7.905 0.998 0.000894516 458.2955737 
12_12 -236.6 7.678 0.956 0.026274224 19.61629177 -247.3 7.907 0.999 0.001315728 391.7244139 
12_14 -288.8 7.806 0.973 0.002458945 274.7729691 -174.9 7.923 0.998 0.000962908 701.6780636 
12_15 -281.5 8.066 0.995 0.004521798 80.83540112 -169.7 7.866 0.995 0.000529476 690.3456632 
12_16 -334.6 8.528 0.986 0.000566094 389.8212037 -227.4 7.939 0.999 0.000466877 472.6627821 
12_17 -299.8 7.805 0.998 0.001451467 284.0726989 -227.6 7.843 0.996 0.00096174 428.725191 
12_18 -275.6 7.518 0.98 0.003466416 167.9965449 -180.6 7.919 0.998 0.000871293 668.3699249 
14_01 -300.2 8.415 0.997 0.002620702 103.3743842 -244.6 7.917 0.995 0.000670386 404.1153943 
14_02 -348.3 9.123 0.998 0.000532964 1223.732283 -248.6 8.018 0.998 0.001505283 433.2778176 
14_04 -245.8 7.919 0.971 0.021531769 27.03436687 -182.6 7.981 0.996 0.000831484 700.0705624 
14_05 -263.2 8.104 0.97 0.011271125 37.35333277 -215.5 8.051 0.998 0.000725498 580.3104197 
14_06 -283.2 8.324 0.995 0.005395657 50.68448673 -199.8 7.941 0.993 0.000465201 587.8662171 
14_07 -307 8.195 0.997 0.001519196 166.2777417 -268.2 7.949 0.997 0.000728284 346.8542282 
14_08 -286.9 8.125 0.997 0.003704744 65.51701608 -264.5 7.938 0.996 0.000687322 353.1443276 
14_09 -305.2 7.843 0.997 0.001164486 154.6784075 -262.6 7.931 0.996 0.000506047 355.9372555 
20_01 -265.4 7.342 0.993 0.004735147 53.90623758 -194.6 7.898 0.993 0.000435196 586.5260794 
20_02 -292.7 8.315 0.997 0.003394599 90.80045673 -264.5 7.989 0.996 0.000829422 371.6218605 
20_03 -304.7 8.197 0.99 0.001699265 226.6097538 -229.1 8.039 0.997 0.000747033 515.4656327 
20_04 -298.6 8.751 0.997 0.003958931 128.6191609 -203.4 7.966 0.991 0.000868941 585.9943805 
20_05 -241 7.778 0.973 0.023526453 26.7054164 -252.9 8.032 0.997 0.001478877 424.8383315 
20_06 -290.1 7.532 0.985 0.001756899 178.3063409 -206.8 8.059 0.996 0.000500257 626.2108069 
20_07 -307.1 8.019 0.995 0.001267946 259.4969659 -245.5 8.052 0.996 0.000716405 459.2768405 
20_08 -197.5 6.056 0.937 0.033677794 6.012734061 -255.2 7.892 0.996 0.000558232 362.7445739 
20_09 -286.2 8.431 0.998 0.00520228 72.8833115 -242 7.994 0.995 0.000851205 445.4385637 
22_01 -305.3 8.07 0.994 0.001454259 126.9884324 -254.1 7.886 0.994 0.000507773 363.6937982 
22_02 -274.2 6.943 0.988 0.002085663 69.47741891 -238.9 7.929 0.996 0.000338834 427.6620867 
22_04 -272.1 7.84 0.993 0.005654971 55.42367446 -258.1 7.909 0.996 0.000868968 360.679938 
22_05 -242.6 7.899 0.974 0.024596237 19.68232535 -196.6 7.872 0.991 0.0008605 562.5930073 
22_06 -328.4 8.533 0.997 0.000765341 740.4979317 -230.3 7.963 0.997 0.001197474 473.2738729 
22_07 -323 9.074 0.997 0.001702098 596.3651957 -242.4 7.938 0.996 0.002417629 419.8624678 
22_08 -366.6 8.462 0.994 0.000114677 1957.162142 -273.6 7.983 0.998 0.00065246 343.9928251 
22_10 -278.3 8.139 0.979 0.005668778 51.22051382 -209.7 7.964 0.996 0.000521594 556.6736157 
22_11 -298.8 8.441 0.996 0.00287602 342.3990504 -192.8 7.976 0.995 0.001531232 643.1073958 
22_12 -281.1 8.029 0.997 0.004441724 59.89229645 -248.4 7.972 0.996 0.000641879 414.4470408 
22t_02 -244.8 7.211 0.971 0.01112686 22.37431608 -253.8 8.101 0.999 0.000550799 451.9906076 
22t_02_2 -243.6 6.314 0.966 0.004805499 30.26766492 -253.6 8.098 0.998 0.000322263 451.3429477 
22t_03 -327 8.504 0.998 0.000794956 574.9434044 -242.2 8.007 0.997 0.001014413 450.560907 
22t_03_2 -282.5 8.22 0.995 0.005028276 93.53315833 -242.2 8.007 0.997 0.001043833 450.560907 
22t_04 -306.7 8.334 0.997 0.001770976 218.3995854 -255.3 8 0.997 0.000957855 403.7984632 
22t_04_2 -258.9 7.763 0.982 0.009844608 33.55206097 -255 7.993 0.997 0.000821813 401.9247974 
22t_05 -287.5 7.937 0.997 0.002982956 75.11959945 -292.1 8.048 0.997 0.00070556 317.5894889 
22t_05_2 -300.1 7.875 0.995 0.001534532 130.403912 -288.4 7.968 0.997 0.000663073 301.7901374 
22t_06 -332.8 8.25 0.997 0.000467247 720.9119624 -278 8.024 0.998 0.000972829 346.252173 
22t_06_2 -185.3 7.125 0.971 0.175808453 2.35494093 -277.9 8.022 0.998 0.00119717 345.831052 
22t_09 -205.4 7.323 0.957 0.081937932 1.88816315 -267.1 8.001 0.998 0.000419811 368.5284696 
22t_09_2 -234.1 7.229 0.972 0.018900145 7.39793495 -269.5 8.053 0.998 0.000367014 380.9717276 
22t_11 -323.4 8.347 0.996 0.000807129 250.6265729 -267.3 8.02 0.997 0.000539421 375.0097029 
22t_11_2 -257.4 7.583 0.982 0.008834572 24.47998754 -266.5 8.003 0.997 0.00058293 371.0052326 
22t_12 -279.5 6.529 0.983 0.00106991 112.2879473 -241 8.03 0.997 0.000258141 465.3964703 
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22t_12_2 -300.3 8.013 0.995 0.001744833 121.8675161 -237.6 7.955 0.996 0.000479544 443.4179593 
K_01 -335 8.554 0.998 0.000569995 674.309891 -221.9 7.695 0.995 0.00099413 386.6226038 
K_02 -266.7 8.177 0.966 0.010255667 25.93114305 -256.6 7.777 0.998 0.000831552 319.8130053 
K_03 -239.3 7.682 0.967 0.023183496 16.86037115 -232.9 7.719 0.996 0.001075829 363.3314004 
K_04 -249.7 7.97 0.967 0.018802367 24.21472325 -254.2 7.79 0.998 0.001379077 330.1441135 
K_05 -333.8 8.411 0.987 0.000523232 482.2960886 -260.5 7.759 0.998 0.000828309 304.660538 
K_06 -259.8 7.939 0.971 0.01124445 35.53125555 -267.8 7.765 0.998 0.001380231 289.4656778 
K_07 -271.1 8.217 0.97 0.008648341 27.50612549 -217.3 7.765 0.997 0.00055339 429.8638655 
K_08 -253.2 7.617 0.965 0.01117377 25.07974435 -272.3 7.759 0.998 0.001008868 277.7718889 
K_09 -273.8 8.426 0.969 0.009367252 35.77544859 -253 7.788 0.998 0.001007585 332.5950443 
K_12 -257.4 7.78 0.976 0.010758247 27.91839089 -254.9 7.725 0.997 0.000976198 307.6762314 
K_13 -328.9 8.589 0.982 0.000790294 333.1597413 -256.4 7.816 0.998 0.000790546 333.0532987 
K_14 -281.5 8.245 0.977 0.005408164 45.06259272 -277.9 7.788 0.998 0.000890486 273.6774893 
K_15 -317.2 8.153 0.985 0.000894303 362.2931706 -261.5 7.752 0.997 0.001079368 300.175659 
K_15_2 -342 8.341 0.994 0.000329573 774.798217 -265.2 7.832 0.998 0.000808359 315.8904891 
K_16 -334.5 8.938 0.99 0.00085709 548.0925914 -237.5 7.828 0.998 0.001201939 390.839048 
K_16_2 -295.4 7.877 0.979 0.001925216 177.8257553 -237.9 7.836 0.997 0.00087169 392.7462386 
K_17 -307.2 8.526 0.989 0.002095128 153.2125947 -212.3 7.837 0.998 0.000668192 480.4005492 
K_17_2 -290.9 7.926 0.964 0.002507495 86.49363482 -214.6 7.887 0.998 0.000437248 496.0171321 
K_18 -298.6 8.348 0.982 0.002645802 100.8478997 -263.1 7.824 0.998 0.000837569 318.5690662 
K_18_2 -350.4 8.503 0.997 0.000259305 848.6473737 -266.1 7.888 0.998 0.000663349 331.7389286 
K_19 -357.9 8.902 0.998 0.000269957 1394.993327 -256.9 7.825 0.999 0.00112498 334.7511322 
K_19_2 -359.2 9.065 0.998 0.000298593 1448.559796 -257.4 7.836 0.998 0.001282971 337.1312094 
K_20 -310.1 8.367 0.981 0.001555661 342.5818526 -249.3 7.785 0.997 0.001561291 341.346435 
K_20_2 -292.4 7.457 0.969 0.001460145 145.9968181 -253.1 7.866 0.998 0.000593319 359.2945887 
K_21 -324.4 8.733 0.984 0.001131898 401.9277237 -249.3 7.818 0.998 0.00128952 352.798792 
K_21_2 -297.8 7.538 0.965 0.001222918 180.6671597 -250.2 7.837 0.997 0.000618812 357.0409925 
K_22 -263.1 8.008 0.974 0.010288507 19.24477524 -281.4 7.857 0.999 0.000694004 285.3008393 
K_22_2 -286 7.847 0.96 0.002929007 65.79222537 -283.5 7.904 0.999 0.000655121 294.1531353 
K_23 -341.6 8.965 0.991 0.000626991 541.5219165 -250.9 7.823 0.998 0.000969661 350.1527076 
K_23_2 -305.8 8.396 0.997 0.001967139 190.1836472 -250.9 7.825 0.998 0.001066307 350.8537138 
K_24 -309.8 7.387 0.971 0.000592295 197.2386297 -291.6 7.867 0.999 0.000439108 266.0474829 
K_24_2 -263.4 6.73 0.965 0.002825478 73.07456046 -294 7.92 0.999 0.000749969 275.3056679 
K_25 -275.1 8.298 0.968 0.007744923 32.15009294 -287 7.804 0.998 0.000961519 258.9653667 
K_25_2 -318.2 8.248 0.979 0.000937496 291.5776951 -290 7.869 0.998 0.00101264 269.9409775 
Kt_01 -326.6 8.191 0.985 0.000592541 468.4711293 -267.8 7.889 0.998 0.000847133 327.6797414 
Kt_01_2 -273.6 7.319 0.872 0.0031261 49.50727599 -274.9 8.043 0.999 0.000428041 361.5648318 
Kt_02 -264.4 8.921 0.969 0.024091165 3.79441026 -273.6 8.051 0.999 0.000248268 368.1979864 
Kt_02_2 -311.5 8.007 0.983 0.001015047 285.1215299 -264.6 7.855 0.998 0.000891149 324.7623876 
Kt_04 -355.7 8.456 0.997 0.000192 1237.133777 -238.5 7.89 0.998 0.000575697 412.5945947 
Kt_04_2 -341.6 8.111 0.989 0.000266916 807.922427 -236.8 7.853 0.998 0.00053519 402.9357285 
Kt_05 -235.8 7.424 0.953 0.021175702 18.08399003 -295.5 7.849 0.998 0.00151096 253.4423802 
Kt_05_2 -259.8 6.597 0.938 0.002938428 82.45706335 -290.9 7.749 0.998 0.001019178 237.7348634 
Kt_07 -259.9 7.829 0.966 0.010025094 23.39423479 -253.6 7.864 0.998 0.000656622 357.1755747 
Kt_07_2 -264.8 8.245 0.971 0.012021686 28.99172459 -251.7 7.822 0.998 0.001002621 347.6183213 
Kt_08 -264.8 7.631 0.963 0.006505918 34.69239693 -261.1 7.864 0.998 0.000670141 336.8035985 
Kt_08_2 -333.2 8.224 0.984 0.000446628 501.4046542 -259.6 7.83 0.998 0.000679864 329.3909907 
Kt_09 -357.6 8.59 0.997 0.00020046 1441.980791 -262.4 7.852 0.998 0.000877489 329.4157179 
Kt_09_2 -324.9 7.891 0.978 0.000476151 523.6846679 -262.3 7.849 0.998 0.000758635 328.6862232 
Kt_10 -210.1 7.238 0.951 0.060108384 3.14725595 -257.4 7.902 0.999 0.000525297 360.1325651 
Kt_10_2 -295 8.02 0.979 0.002264086 158.2251459 -255.6 7.863 0.998 0.001019817 351.2740893 
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Kt_11 -310.7 8.299 0.98 0.001412274 190.6812546 -252.2 7.856 0.998 0.000751724 358.2352643 
Kt_11_2 -312.6 8.167 0.972 0.001130115 257.1836593 -250.7 7.822 0.998 0.000829588 350.3509735 
Kt_12 -254.2 7.96 0.975 0.015010299 20.87978139 -289 7.846 0.998 0.001178785 265.8769657 
Kt_12_2 -320.7 8.378 0.974 0.000947315 299.9189723 -287.3 7.809 0.999 0.001094222 259.6527687 
Kt_13 -293.8 8.272 0.995 0.003085057 121.3820796 -254.4 7.834 0.998 0.00108714 344.4549112 
Kt_13_2 -370.6 9.09 0.996 0.000177468 2320.882782 -253.4 7.812 0.998 0.001212815 339.6085169 
Kt_15 -315.9 8.573 0.997 0.001448418 238.8000744 -271.2 7.866 0.999 0.001109251 311.8161028 
Kt_15_2 -308.8 8.106 0.991 0.001275174 189.5934964 -270.5 7.852 0.999 0.000781977 309.1710963 
Kt_16 -326.6 7.855 0.982 0.000423443 494.2671461 -248.3 7.873 0.998 0.000557113 375.6764371 
Kt_16_2 -347.3 8.916 0.993 0.000454541 671.6543062 -249 7.888 0.998 0.000804953 379.269487 
Kt_17 -258.5 7.669 0.958 0.009134486 23.1057154 -265.2 7.878 0.998 0.000638101 330.7608478 
Kt_17_2 -269.5 7.496 0.96 0.004539875 68.95758559 -262.9 7.829 0.998 0.000976272 320.6676943 
Kt_18 -252.5 7.346 0.958 0.008811448 28.69929523 -265.8 7.9 0.998 0.000751433 336.5333996 
Kt_18_2 -360.8 9.037 0.998 0.000268956 1249.930195 -262.8 7.837 0.998 0.001039197 323.4965341 
Kt_19 -303.7 7.548 0.968 0.000931488 279.2495001 -258 7.859 0.998 0.00075757 343.3581255 
Kt_19_2 -262.4 6.763 0.926 0.003063353 84.56707347 -255.5 7.807 0.998 0.00077935 332.4035801 
Kt_20 -348.6 8.621 0.994 0.000318017 1033.795957 -255.7 7.874 0.998 0.000926407 354.8814417 
Kt_20_2 -307.3 7.583 0.963 0.00081207 295.1063629 -254.8 7.856 0.998 0.000682725 351.0157403 
Kt_21 -334.5 8.428 0.99 0.000514679 600.3744647 -263.9 7.868 0.998 0.000934042 330.8202026 
Kt_23 -277.3 7.83 0.97 0.00436582 57.59984968 -281.6 7.833 0.998 0.000904248 278.0992692 
Kt_24 -290.7 7.846 0.988 0.00233696 131.1659066 -286 7.91 0.999 0.001056318 290.1867458 
Kt_25 -251.6 7.401 0.954 0.009719178 28.36114936 -294.4 7.864 0.998 0.001062231 259.4982261 
Kt_26 -339.6 8.558 0.993 0.000459251 580.9969381 -277.6 7.818 0.998 0.000943922 282.6754633 
Kt_27 -304.8 7.734 0.973 0.001064401 165.7932602 -285.2 7.832 0.998 0.000653355 270.0991013 
Kt_28 -278.9 7.922 0.967 0.004433876 110.2474568 -281 7.827 0.998 0.00176002 277.7374751 
Kt_29 -344.2 9.356 0.996 0.000818577 620.876353 -260.7 7.853 0.999 0.001520915 334.16407 
Kt_31 -282.6 7.189 0.946 0.001784778 146.5333229 -263.3 7.816 0.998 0.000828841 315.536143 
Kt_32 -300.2 7.794 0.982 0.001408383 175.4202246 -274.4 7.866 0.999 0.000812426 304.0999813 
Kt_33 -271.6 7.451 0.948 0.003925333 85.86756771 -261.3 7.853 0.998 0.001013413 332.5977826 
2_01 -280.2 8.672 0.997 0.008820617 63.03563094 -202.5 7.845 0.992 0.001063361 522.8828799 
2_02 -286.4 7.916 0.996 0.003078771 71.03436107 -231.8 7.88 0.996 0.00050802 430.4919968 
2_03 -284.1 8.519 0.996 0.0062811 56.55548104 -196.6 7.861 0.991 0.000638401 556.4383966 
2_05 -285.9 8.218 0.991 0.004265019 94.7325741 -233.2 7.835 0.994 0.000992566 407.0623088 
2_06 -278.6 7.522 0.955 0.003015072 71.78377485 -266.6 7.857 0.995 0.000675602 320.356082 
4_01 -301.9 9.091 0.983 0.004749916 314.5070811 -188.4 8.588 0.996 0.001216975 1227.537243 
4_02 -301.3 8.838 0.997 0.003795539 256.4336066 -272.7 8.529 0.996 0.001627472 598.0462547 
4_03 -301.2 9.638 0.982 0.008487628 396.8348769 -194.6 8.549 0.996 0.002994906 1124.638729 
4_04 -272.7 8.952 0.988 0.016707129 94.80875979 -229.1 8.503 0.995 0.001932137 819.8083827 
4_07 -274.6 8.775 0.982 0.012780925 74.67329596 -221.3 8.621 0.998 0.000973292 980.5829417 
4_08 -298.1 9.412 0.995 0.007852958 185.9823563 -203.2 8.583 0.997 0.001342678 1087.760491 
4_09 -285.5 9.026 0.994 0.009753046 122.7191383 -246.7 8.548 0.997 0.001601949 747.1431251 
4_10 -271.3 9.029 0.993 0.019294132 63.24434342 -277.8 8.536 0.997 0.002108704 578.6705978 
4_12 -297.6 9.34 0.994 0.007484293 231.2592549 -270 8.494 0.995 0.002934497 589.815632 
24_01 -279.8 5.851 0.964 0.000535382 151.1523821 -274.5 6.377 0.997 0.001180502 68.55069195 
24_02 -292.7 6.068 0.971 0.000358863 166.2064142 -247.1 6.454 0.999 0.000650048 91.75524333 
24_04 -299.3 6.578 0.993 0.000435828 196.6525809 -236.6 6.41 0.998 0.000899053 95.32986433 
24_05 -248.2 6.7 0.974 0.005673076 24.04903815 -184.4 6.423 0.997 0.000938699 145.3415563 
24_06 -269.2 6.217 0.981 0.001281779 98.34864018 -225.2 6.396 0.997 0.001226493 102.7818657 
24_07 -340.4 7.342 0.998 0.000131018 784.9935318 -194.7 6.339 0.993 0.000834283 123.2770301 
24_08 -331 7.412 0.997 0.000220293 984.4753807 -219.5 6.355 0.995 0.002102377 103.155941 
24_10 -309.3 6.485 0.978 0.000246145 302.7880084 -220 6.435 0.998 0.000669565 111.3108421 
Appendix D 
288 
A
na
ly
sis
 ID
 Trivalent Line Fit Data Tetravalent Line Fit Data 
G
ra
di
en
t 
Y
-in
te
rc
ep
t 
r2
 
D
C
e+
3  
D
C
e+
4  
G
ra
di
en
t 
Y
-in
te
rc
ep
t 
r2
 
D
C
e+
3  
D
C
e+
4  
24_11 -340.3 7.444 0.997 0.000145782 892.367117 -225.2 6.378 0.997 0.001288692 100.9483433 
24_12 -265 6.458 0.975 0.001994006 42.30842055 -211.4 6.413 0.996 0.00072431 116.4739372 
24_13 -294.5 6.67 0.984 0.000601149 242.2372396 -224.8 6.403 0.997 0.00140251 103.8285589 
24_14 -284.7 6.308 0.971 0.000668878 142.6756957 -191.3 6.439 0.996 0.00068206 139.9180975 
24_15 -346.5 7.316 0.998 9.53499E-05 1024.536264 -210.3 6.42 0.997 0.00082573 118.3067586 
24_16 -337.9 7.003 0.996 0.000105205 835.0918901 -235.6 6.427 0.997 0.000898998 97.72656899 
24_18 -293.6 6.422 0.967 0.000489748 148.2299462 -227.9 6.449 0.998 0.000684158 106.1090176 
24_20 -277.3 6.28 0.966 0.000926636 144.3921467 -218.1 6.442 0.997 0.001176019 113.7728936 
24_21 -336.7 7.296 0.993 0.000149353 625.6619511 -228.3 6.358 0.994 0.000967569 96.57644781 
W_01 -309.5 8.278 0.994 0.001464626 119.5968759 -212.8 8.376 0.996 0.00021353 820.3286615 
W_03 -218.9 7.708 0.954 0.063131726 6.711335918 -251.1 8.42 0.998 0.000667122 635.1132313 
W_03_2 -259.2 8.027 0.95 0.012636306 21.8535665 -214.8 8.413 0.998 0.000329524 838.0220393 
W_05 -321.1 9.152 0.973 0.00201525 245.7124491 -206.3 8.412 0.997 0.000553387 894.8017929 
W_05_2 -278.4 8.45 0.962 0.007699769 47.81933215 -207.6 8.44 0.998 0.000404217 910.890598 
W_06 -311.2 8.426 0.995 0.001565624 206.6439204 -208.7 8.449 0.998 0.000355039 911.2428467 
W_06_2 -289.8 8.296 0.954 0.003826306 101.3931789 -209.8 8.474 0.999 0.00041883 926.2980644 
W_07 -338.5 9.45 0.987 0.001181114 414.6571738 -204.9 8.407 0.997 0.000544082 900.152956 
W_07_2 -327.6 9.42 0.994 0.001930602 195.6247279 -205.7 8.425 0.998 0.000414671 910.7791421 
W_08 -367.7 9.796 0.998 0.000413023 825.9203043 -208.2 8.418 0.997 0.000384629 886.8932273 
W_08_2 -348.6 9.554 0.992 0.000808439 563.6107983 -209.3 8.443 0.998 0.000505404 901.5461496 
W_09 -340.9 9.295 0.99 0.00090182 420.8917385 -179.8 8.424 0.997 0.000340592 1114.438608 
W_09_2 -292.9 9.231 0.984 0.008403256 40.75540663 -180.5 8.439 0.997 0.000304399 1125.097338 
W_11 -291.2 9.107 0.985 0.008052113 46.16395424 -218.2 8.43 0.998 0.000447854 829.9963197 
W_11_2 -333.1 9.163 0.984 0.001147692 347.9436128 -217.7 8.419 0.998 0.000484546 824.1367158 
W_13 -247.4 8.635 0.963 0.040812871 13.20073851 -208.4 8.409 0.997 0.000613921 877.5715876 
W_13_2 -287.9 8.466 0.956 0.004966829 88.68508907 -207.9 8.399 0.997 0.000504998 872.247924 
W_16 -312.1 8.848 0.995 0.002286988 136.8473329 -210.4 8.407 0.997 0.000362984 862.2091431 
W_16_2 -282.1 6.371 0.977 0.000806711 247.0029662 -209.6 8.39 0.996 0.000233598 853.0022057 
W_17 -308.6 8.569 0.987 0.002045514 174.3113184 -211.7 8.42 0.997 0.000412373 864.6444944 
W_17_2 -383.8 9.944 0.992 0.000221717 2055.074855 -213.3 8.454 0.998 0.000515779 883.4104249 
Wt_03 -379.7 9.846 0.998 0.000244573 1452.336797 -203.5 8.432 0.998 0.000380664 933.113801 
Wt_04 -294.7 8.644 0.952 0.004286715 134.3337538 -183.9 8.396 0.997 0.000548727 1049.429225 
Wt_08 -293.7 8.798 0.98 0.005245409 89.9622506 -179 8.422 0.997 0.00042163 1119.201018 
Wt_09 -346.5 9.676 0.995 0.001009846 500.26347 -201 8.406 0.998 0.000544891 927.1385361 
Wt_10 -376.4 9.984 0.998 0.000328771 1605.769871 -178.9 8.37 0.997 0.000496492 1063.322125 
Wt_11 -392.3 9.908 0.999 0.000142426 1741.194897 -215.7 8.443 0.998 0.000289211 857.4793525 
Wt_13 -333.8 9.486 0.998 0.001533067 227.632369 -199.5 8.441 0.998 0.000359211 971.5070251 
Wt_14 -341 9.745 0.998 0.001407586 310.6273817 -183.7 8.438 0.998 0.000398879 1096.159259 
Wt_15 -333 9.274 0.983 0.001288574 380.9172376 -203.7 8.439 0.998 0.000523173 938.1980805 
Wt_16 -395.1 10.46 0.996 0.000216349 2506.500458 -189.6 8.461 0.998 0.00050632 1071.022202 
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Table E1. Simplified summary of the volcanic and related stratigraphy of Taranaki. 
Data from (Stipp, 1968; Neall et al., 1986; Alloway et al., 1995; Price et al., 1999; 
Neall, 2003; Alloway et al., 2005; Platz et al., 2007; Townsend et al., 2008; Zernack et 
al., 2011). *Summit, Skeet, Staircase and Peters lavas have different dates depending on 
how they are mapped (c.f. Price et al. 1999 and Townsend et al. 2008). 
Approximate age                  
(AD or (Cal.) ka) Lavas* 
Tephras, 
pyroclastic flows, 
block and ash flows 
Debris flows, debris 
avalanches, lahars 
AD 1839-1866 
Su
m
m
it 
  
Su
m
m
it 
Pyramid     
AD 1755   Tahurangi     
    Mangahume     
AD 1655   Burrell     
AD 1440-1660   Puniho     
AD 1390-1520   
Sk
ee
t 
Waiweranui     
AD 1270-1420   Newall     
AD 1310-1630   Waingongoro     
AD 1030-1260 
St
ai
rc
as
e 
Fa
nt
ha
m
s 
Te Popo     
  Hooker     
1.3 
St
ai
r-
ca
se
 Kaupokonui     
2       
3 
W
ar
w
ic
ks
 
Manganui Te Popo   
3.5 
Pe
te
rs
 
  Ngatoro   
4 Inglewood     
4.5 Korito     
5 Mangatoki     
  Tariki     
6 Waiopuku     
7   Opua   
9     Kaponga 
Kahui  
  
10-20 
      Konini   
      Mahoe   
      Okato Motumate 
Warea 
      Kaihouri    
(Pukeiti) 
Paetahi   
25   Pungarehu 
27       Poto Ngaere   
28       Tuikonga     
30       Koru     
31       Pukeiti     
33       Waitepuke     
34         Te Namu (Opunake)   
37         Ihaia (Stratford)   
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Approximate age                  
(AD or (Cal.) ka) Lavas* 
Tephras, 
pyroclastic flows, 
block and ash flows 
Debris flows, debris 
avalanches, lahars 
40         Rama Young Kaupokonui 
55         Otakeho Punehu,                    
Old 
Kaupokonui 
60         Tokaora 
70         Waihi 
75         Waingongoro   
85-90         Oeo   
105         Okawa   
130-200 
        Motunui   
        Mangati    
250         Maitahi Fm   
218-251 (Pouakai)       
          Eltham Fm   
400         Old Fm   
590 (Kaitake)       
1800 (Paritutu)       
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Table E2. Sample locations for samples collected in this study. 
Sample Formation Southing Easting  Elevation (m)  Remark 
TNK01 Staircase? 39°16.873' 174°04.725' 1354 not in situ, from boulder 
TNK02 Warwicks 39°16.825' 174°04.538' 1324 from large boulder at 
base of lava flow cliff 
TNK03 Warwicks 39°16.702' 174°04.354' 1295 edge of flow, lighter 
coloured area in flow 
TNK04 Summit? 39°16.690' 174°04.250' 1314 base of flow, darker 
coloured area 
TNK05 Fanthams 39°18.646' 174°04.480' 1651 Fantham's flow 
TNK06 Fanthams 39°18.587' 174°04.186' 1897 Fanthams, top of lava 
flow, 
vessicular/brecciated 
TNK07 Fanthams 39°18.631' 174°04.118' 1926 Fanthams at base of one 
peak.  Rocks lighter 
grey (weathering) but 
darker on inside 
TNK08 Fanthams 39°18.660' 174°04.112' 1914 Fanthams at base of 
other peak. Rocks 
darker grey 
(weathering) but lighter 
on inside 
TNK09 ? 39°18.642' 174°04.002' 1925 bomb from near 
Fanthams Peak 
TNK10 Summit? 39°18.520' 174°04.036' 1905 pumice boulder, not in 
situ, found between 
Fanthams and Egmont 
peaks 
TNK11 Summit? 39°18.520' 174°04.036' 1905 From large dacitic-
looking boulder not in 
situ, between Fanthams 
and Egmont peaks 
TNK12 Summit? 39°18.489' 174°04.048' 1888 not in situ - 
boulder/bomb in 
between Fantham and 
Egmont peaks 
TNK13 Summit 39°18.449' 174°03.996' 1909 lava flow from Egmont 
summit 
TNK14 Summit 39°18.444' 174°04.070' 1899 Summit flow 
TNK15 Fanthams 39°18.791' 174°04.675' 1470 Fanthams flow 
TNK16 Fanthams? 39°18.791' 174°04.675' 1470 boulder, not in situ 
TNK17 (plutonic - 
gabbro) 
between TNK05 and 
TNK06 
>1470 boulder, not in situ 
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Figure E1. A-D. Google Earth images with locations of samples collected during 
fieldwork for this study. A. Map view (north to top of page). B. View northwest. C. 
View southwest. D. Fantham’s Peak.  E-F. Geology maps from GNS Science of the 
Taranaki region with volcanic units in pink and red shades. 
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Figure E2. Photographs of selected sample locations. A. Lava flow, source of TNK02. 
B. Lava flow in midground, source of TNK04.  C. Fantham’s Peak on left; Taranaki 
summit on right. D. Fantham’s Peak lava, source of  TNK07. E. Fantham’s Peak lava, 
source of TNK 08. F. Boulder, source of TNK11. G.Summit lava flow, source of 
TNK13. H. Summit lava flow, source of TNK14. I. Fantham’s Peak lava flow, source of 
TNK15. Photographs taken by author.
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Table E3. Brief sample descriptions for samples collected in this study. 
Sample Brief description             
TNK01 Medium-grey coloured vesicular rock that is weakly and non-pervasively 
weathered on some surfaces.  Porphyritic texture.  Black, white, and transparent 
colourless phenocrysts. Abundant plagioclase phenocrysts  up to 3.4 mm long 
(majority 1-2 mm) that exhibit zoning, twinning and corroded cores (sieve 
texture). Clinopyroxene and lesser amounts of orthopyroxene and 
(titano)magnetite. Phenocrysts euhedral to subhedral. 
TNK02 Light-grey coloured, faintly to moderately weathered on outer surfaces with Fe-
oxyhydroxides colouring to orange-brown.  This is not pervasive and majority of 
sample appears fresh.  Porphyrytic texture with black and colourless phenocrysts 
up to 4 mm across, mostly tabular shaped.  Plagioclase (40-50 %), pyroxenes and 
amphiboles (5 %). Euhedral to anhedral crystals of plagioclase (1-2 mm long, 
zoning, twinning and corroded cores), hornblende, clinopyroxene, orthopyroxene, 
and (titanomagnetite). 
TNK03 Light-grey porphyritic rock with dark coloured tabular phenocrysts (10 %) up to 4 
mm long.  Also colourless to white phenocrysts of plagioclase (50-60 %).  Light 
weathering on exposed surfaces. Crystals of plagioclase (1-3 mm long), 
hornblende, clinopyroxene, orthopyroxene, (titano)magnetite. Plagioclase 
dominant groundmass. 
TNK04 Medium-dark grey porphyritic and semi-vesicular rock.  Black and colourless and 
white phenocrysts.  Black  and colourless to white phenocrysts.  Plagioclase, 1-2 
mm across, and clinopyroxene dominant phenocrysts; minor orthopyroxene. 
Groundmass predominantly plagioclase. 
TNK05 Dark grey, porphyritic rock with dark phenocrysts (10-15 %) up to 4 mm across.  
Small white/colourless phenocrysts.  Very weakly weathered on one side of 
sample. Plagioclase and clinopyroxene major phenocrysts. Plagioclase crystals 
smaller than sample TNK04, mostly ≤ 1 mm. Many crystals edges appear slightly 
corroded. Opaque inclusions in cpx common. Sulfide bleb ca. 5 µm across in a cpx 
phenocryst. 
TNK06 Very dark grey rock, vesicular, very fresh sample with a porphyritic texture. 
Phenocrysts up to 2-3 mm across.  Dark green to black coloured (15 %) and 
colourless phenocrysts. Plagioclase and clinopyroxene major phenocrysts, 
orthopyroxene minor. Plagioclase mostly ≤ 1 mm long, clinopyroxene up to 3 mm 
long. Opaque minerals occur throughout, some as inclusions in cpx. Sulfide bleb 
in opx(?) ca. 10 µm across.  
TNK07 Medium-dark grey , semi-vesicular rock with non-pervasive weathering rims on 
exposed surfaces.  Porphyritic texture with phenocrysts up to 4 mm across except 
one of amphibole 8 mm long and 2-5 mm wide.  Phenocrysts comprise plagioclase 
(mostly ≤ 1 mm), pyroxenes (cpx and opx; up to 2 mm), minor amphibole 
(amphibole being altered?). Opaque minerals (titanomagnetite probably) abundant 
but most crystals ≤ 10 µm in groundmass. 
TNK08 Dark grey, vesicular, porphyritc textured rock that is weakly weathered on one 
side.  Dark and colourless/white phenocrysts up to 5 mm long but predominantly 
1-2 mm.  Minerals are plagioclase (typically ≤ 1mm) and pyroxenes (cpx and opx; 
up to 3 mm). Opaque minerals typically as inclusions in pyroxenes. 
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Sample Brief description             
TNK09 Very dark grey to black coloured porphyritic rock with dark  and light 
phenocrysts.  Thin weathering on one surface (non-pervasive). Phenocrysts of 
plagioclase (up to 3mm), clinopyroxene and amphibole (pyrox and amph up to 5 
mm, typically ≤ 2 mm). Opaque minerals (titanomagnetite) up to 600 µm. 
TNK10 Off-white to light grey pumice sample.  Weakly to moderately and non-
pervasively weathered but some areas appear fresh.  Vesicular, low density, 
porphyritic with Dark tabular crystals (3 %), colourless/white crystals <1-2 mm, 
and other grains (lithics?).  Some Fe-oxides (mag or ilm?) within phenocrysts. 
TNK11 Light-grey, porphyritic with very weak non-pervasive weathering on some outer 
surfaces.  Phenocrysts of plagioclase (50%?), amphibole, pyroxene (cpx and opx). 
Black phenocrysts of amphibole up to 5 mm long.  Plagioclase phenocrysts 1 to 3 
mm long. Titanomagnetite up to 300 µm across. 
TNK12 Light to medium-grey coloured rock with porphyritic texture. Exposed surfaces 
weakly weathered. Black and white coloured phenocrysts up to 3 mm across and 
include plagioclase (50%?), amphibole (3-5%), clinopyroxene (10%) and minor 
orthopyroxene.  (Titano)magnetite crystals up to 200 µm across. Sulfide bleb ca. 
10 µm in plagioclase. 
TNK13 Very dark grey to black rock with white phenocrysts of plagioclase.  Porphyritic 
texture.  Lightly weathered on exposed surfaces.  Phenocrysts up to 3 mm across 
of plagioclase, clinopyroxene, orthopyroxene, minor amphibole. (titano)magnetite 
up to 400 µm across and many grains with ilmenite-hematite lamellae in trellis 
texture. 
TNK14 Medium-dark grey, porphyritic, vesicular sample with dark coloured phenocrysts 
up to 5 mm across except one amphibole that is 8 mm long and 5 mm wide.  
Colourless/white phenocrysts of plagioclase (40 %).  Moderately weathered on 
exposed surface but this is non-pervasive. Phenocrysts of plagioclase (up to 2 
mm), clinopyroxene and orthopyroxene (up to 3 mm), and minor amphibole. 
(Titano)magnetite occurs, with one crystal up to 1.6 mm long. One small sulfide 
bleb ca. 5 µm in clinopyroxene. 
TNK15 Dark grey, porphyritic rock with dark green to black phenocrysts of clinopyroxene 
up to 4 mm across (10-15 %).  Colourless/white phenocrysts of plagioclase 
typically < 1 mm. Minor orthopyroxene. (Titano)magnetite throughout. Sulfide 
bleb 50 µm across in magnetite. Bleb appears to be chalcopyrite and bornite with 
chalcocite/covellite around edge. 
TNK16 Medium-grey, porphyritic sample with dark green phenocrysts (pyroxene) (10-15 
%) up to 5 mm across.  One larger crystal aggregate that is 8 mm across and is 
darker green on outside and yellow-green on inside. Phenocrysts of plagioclase, 
clinopyroxene and orthopyroxene. Groundmass plagioclase dominant and coarser 
grained than other porphyritic samples. Plagioclase phenocrysts smaller size than 
other samples. (Titano)magnetite grains up to 500 µm across. 
TNK17 Phaneritic dark green and white coarse grained gabbroic-dioritic looking rock with 
crystals 1-2 mm across.  Lightly, non-pervasively weathered.  Crystals of 
amphibole and plagioclase.  One face of sample is connected to a cluster black 
crystals. Crystals are clinopyroxene, of which many crystals show partial 
alteration to hornblende, plagioclase, and (titano)magnetite. Sulfide blebs in 
clinopyroxene (2 blebs ca. 10µm, other blebs 3, 7, and 20 µm across) appear to be 
chalcopyrite and bornite where large enough to determine. 
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Table E4. Whole rock major (wt. %) and trace (ppm) element results for samples 
collected in this study. 
Sample TNK01 TNK02 TNK03 TNK04 TNK05 TNK06 TNK07 
Unit Staircase Warwicks Warwicks Summit Fanthams Fanthams Fanthams 
wt. %SiO2 54.69 57.59 57.50 54.17 52.76 52.70 50.94 
TiO2 0.91 0.76 0.76 0.95 1.01 1.00 1.06 
Al2O3 18.61 18.32 18.33 17.42 18.25 18.24 18.27 
Fe2O3T 7.86 6.49 6.55 8.19 8.90 8.90 9.60 
MnO 0.17 0.17 0.16 0.17 0.18 0.18 0.19 
MgO 2.85 2.24 2.24 3.76 3.63 3.65 4.04 
CaO 8.50 7.43 7.45 8.35 8.90 8.94 10.05 
Na2O 3.84 4.10 4.11 3.80 3.70 3.73 3.54 
K2O 2.02 2.37 2.36 2.54 2.12 2.12 1.76 
P2O5 0.30 0.28 0.28 0.35 0.30 0.30 0.30 
SO3 0.05 0.05 0.06 0.04 0.05 0.04 0.04 
Total 99.79 99.80 99.79 99.75 99.78 99.78 99.79 
LOI 0.21 0.20 0.21 0.25 0.22 0.22 0.21 
ppm     Sc 14.7 11.5 11.7 20.8 19.7 19.2 22.5 
V 186 149 153 245 252 254 272 
Cr 13.1 17.3 16.1 28.6 16.7 17.9       22.1 
Co 15.8 11.7 11.5 20.4 21.2 21.4  23.0 
Ni 7.3 4.4 3.4 14.0 9.5 7.7 24.7 
Cu 60.3 35.3 35.3 123 77.5 89.0 147 
Zn 73.5 68.0 66.6 71.3 72.9 71.6 75.8 
As 17.6 16.5 17.7 17.3 17.5 16.1 15.2 
Rb 38.6 56.0 53.5 54.1 41.9 42.6 30.5 
Sr 678 611 615 649 615 613 612 
Y 20.7 20.0 19.8 19.5 18.8 19.3 20.0 
Zr 107 137 136 129 99.5 98.8 78.5 
Nb 3.6 4.2 4.0 4.2 3.7 3.4 3.0 
Mo 1.1 1.3 1.1 1.2 1.1 0.8 0.7 
Ag 1.2 1.4 1.2 0.4 0.6 0.5 0.1 
Sn 3.1 3.1 3.1 3.2 2.9 3.2 3.2 
Cs 2.2 3.0 2.1 3.0 2.3 2.5 1.6 
Ba 656 706 718 815 743 736 621 
La 16.2 15.8 15.9 17.0 13.8 14.2 11.7 
Ce 31.9 32.6 32.7 34.7 28.1 28.8 24.6 
Pr 4.3 4.1 4.1 4.5 3.6 3.7 3.4 
Nd 19.9 18.3 18.1 20.7 16.2 16.8 16.0 
Sm 4.6 4.2 4.2 4.7 4.0 4.3 4.0 
Eu 1.2 1.1 1.1 1.4 1.2 1.7 1.2 
Gd 4.0 4.0 3.6 4.3 3.9 3.9 4.0 
Ty 0.58 0.55 0.56 0.66 0.55 0.57 0.60 
Dy 3.8 3.7 3.6 3.8 3.6 3.7 3.9 
Ho 0.76 0.76 0.76 0.76 0.72 0.75 0.74 
Er 2.2 2.2 2.2 2.2 2.0 2.0 2.2 
Tm 0.32 0.34 0.33 0.30 0.29 0.32 0.31 
Yb 2.0 2.2 2.1 2.0 1.8 1.9 2.0 
Lu 0.31 0.33 0.32 0.31 0.26 0.28 0.28 
Hf 2.9 3.6 3.6 3.6 2.8 2.7 2.3 
Ta 0.24 0.29 0.29 0.31 0.24 0.24 0.19 
W 1.2 2.3 1.9 0.85 0.94 0.83 0.60 
Au 111 93.4 107 84.3 103 79.6 102 
Pb 11.6 10.6 9.6 10.7 11.2 10.6 7.4 
Th 4.7 6.1 5.9 6.1 5.2 5.0 3.8 
U 1.1 1.5 1.5 1.5 1.2 1.2 0.81 
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Table E4. Continued. 
Sample TNK08 TNK09 TNK10 TNK11 TNK12 TNK13 TNK14 
Unit Fanthams (bomb) Summit Summit Summit Summit Summit 
wt. %SiO2 52.09 54.15 58.12 57.49 57.73 53.97 52.61 
TiO2 1.00 0.89 0.75 0.76 0.77 1.00 0.94 
Al2O3 18.49 16.89 17.50 17.36 17.35 17.50 19.03 
Fe2O3T 9.04 8.38 6.33 6.54 6.45 8.30 8.53 
MnO 0.19 0.17 0.15 0.15 0.15 0.17 0.19 
MgO 3.61 4.37 2.76 3.03 2.91 3.72 3.09 
CaO 9.49 8.89 6.70 7.16 6.93 8.38 9.14 
Na2O 3.62 3.61 3.99 3.98 4.03 3.83 3.82 
K2O 1.90 2.13 3.11 2.97 3.10 2.49 2.05 
P2O5 0.30 0.25 0.29 0.28 0.29 0.33 0.34 
SO3 0.04 0.05 0.08 0.05 0.06 0.05 0.05 
Total 99.77 99.77 99.77 99.77 99.76 99.76 99.78 
LOI 0.23 0.23 0.23 0.23 0.24 0.25 0.22 
ppm     Sc 18.8 25.2 14.4 16.5 15.7 20.4 15.5 
V 249 235 169 181 177 244 229 
Cr 17.7 94.3 30.2 37.2 31.4 26.1 14.5 
Co 21.0 22.1 14.1 15.1 14.9 20.2 20.0 
Ni 12.1 38.7 9.7 8.9 6.2 11.8 5.8 
Cu 241 75.9 72.4 38.5 54.5 104 53.9 
Zn 75.8 72.2 62.4 65.3 59.5 68.3 76.7 
As 15.2 17.1 18.6 15.0 15.9 17.5 17.6 
Rb 35.3 45.4 72.6 70.1 71.4 52.9 40.7 
Sr 632 570 545 584 577 655 704 
Y 21.0 18.1 17.5 18.1 18.0 20.3 20.6 
Zr 88.0 101 147 140 147 117 101 
Nb 3.2 3.6 5.2 4.8 4.9 4.8 3.8 
Mo 0.67 1.1 1.6 0.88 1.3 1.2 1.1 
Ag 0.07 0.60 0.47 0.62 0.28 1.0 0.62 
Sn 3.0 3.0 3.1 3.0 3.2 4.5 3.4 
Cs 1.9 2.7 4.2 3.9 3.3 2.8 2.2 
Ba 694 717 966 945 968 808 773 
La 12.6 14.0 18.7 18.7 19.1 16.7 14.9 
Ce 26.4 28.8 36.3 36.0 37.3 33.8 30.1 
Pr 3.5 3.5 4.3 4.3 4.4 4.3 3.9 
Nd 16.7 15.9 18.1 18.4 19.1 19.4 18.2 
Sm 4.2 3.8 4.2 4.1 4.2 4.7 4.3 
Eu 1.3 1.0 1.1 1.2 1.1 1.4 1.4 
Gd 4.0 3.4 3.5 3.5 3.7 4.4 4.1 
Ty 0.60 0.51 0.51 0.49 0.53 0.58 0.61 
Dy 3.9 3.5 3.1 3.3 3.3 3.8 4.0 
Ho 0.80 0.65 0.67 0.63 0.66 0.77 0.78 
Er 2.2 1.9 1.9 1.8 2.0 2.2 2.2 
Tm 0.35 0.30 0.30 0.30 0.30 0.33 0.34 
Yb 2.2 1.8 2.0 2.0 1.9 2.1 2.1 
Lu 0.29 0.28 0.30 0.28 0.28 0.29 0.34 
Hf 2.5 2.7 3.8 3.7 3.7 3.8 3.0 
Ta 0.21 0.22 0.36 0.32 0.35 0.29 0.26 
W 0.60 0.89 1.2 0.87 1.2 1.5 1.1 
Au 66.3 90.3 99.5 106 92.2 95.0 120 
Pb 8.8 10.4 15.5 13.8 12.1 10.6 10.2 
Th 3.8 5.1 8.6 8.0 8.6 5.5 5.0 
U 0.90 1.2 2.1 2.0 2.1 1.4 1.2 
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Table E4. Continued. 
Sample TNK15 TNK16 TNK17 TNK03 TNK06 
Unit Fanthams Fanthams (plutonic) (duplicate) (duplicate) 
wt. %SiO2 52.70 51.60 41.94 57.47 52.64 
TiO2 1.01 1.07 1.19 0.76 1.01 
Al2O3 18.18 18.03 18.71 18.33 18.26 
Fe2O3T 8.91 9.46 13.36 6.54 8.95 
MnO 0.18 0.18 0.17 0.16 0.18 
MgO 3.66 4.00 6.30 2.25 3.62 
CaO 8.99 9.54 16.85 7.43 8.91 
Na2O 3.71 3.58 1.10 4.13 3.74 
K2O 2.11 2.00 0.14 2.37 2.13 
P2O5 0.30 0.29 0.05 0.29 0.30 
SO3 0.04 0.04 0.05 0.05 0.04 
Total 99.77 99.77 99.84 99.78 99.78 
LOI 0.23 0.23 0.16 0.21 0.22 
ppm     Sc 20.6 23.3 45.6 11.3 19.7 
V 260 283 496 155 254 
Cr 36.1 21.6 28.6 17.8 24.4 
Co 21.8 23.9 38.5 12.1 21.8 
Ni 24.2 11.8 20.7 7.4 10.4 
Cu 98.3 110 40.2 53.2 86.3 
Zn 74.3 74.9 66.6 69.5 73.9 
As 17.7 17.7 16.7 17.1 15.9 
Rb 42.4 38.0 1.0 53.4 42.4 
Sr 632 627 695 611 613 
Y 20.0 19.9 10.9 20.0 19.3 
Zr 104 93.9 17.7 137 99.9 
Nb 3.6 3.3 0.36 4.3 3.7 
Mo 1.4 0.70 0.38 0.91 0.86 
Ag 0.61 0.14 0.53 0.19 1.1 
Sn 3.4 3.3 2.8 2.0 3.3 
Cs 2.0 1.6 0.04 2.0 2.4 
Ba 737 714 74.7 715 741 
La 14.7 13.8 2.5 16.0 14.6 
Ce 29.6 28.0 6.7 33.2 28.9 
Pr 3.8 3.6 1.1 4.1 3.7 
Nd 17.4 16.7 6.8 18.3 16.9 
Sm 4.3 4.3 2.4 4.1 4.2 
Eu 1.2 1.2 0.70 1.1 1.2 
Gd 3.9 3.9 2.3 3.8 3.9 
Ty 0.61 0.61 0.36 0.55 0.59 
Dy 3.7 3.8 2.4 3.7 3.7 
Ho 0.79 0.75 0.46 0.75 0.73 
Er 2.1 2.0 1.2 2.2 2.2 
Tm 0.34 0.31 0.16 0.32 0.31 
Yb 2.0 1.8 0.92 2.1 1.9 
Lu 0.29 0.27 0.13 0.33 0.27 
Hf 3.1 2.7 0.71 3.5 2.7 
Ta 0.25 0.23 0.03 0.30 0.23 
W 0.76 0.80 0.32 0.87 2.1 
Au 141 100 136 86.4 102 
Pb 10.2 8.5 1.8 9.0 11.3 
Th 5.2 4.8 0.15 6.0 5.1 
U 1.2 1.1 0.03 1.5 1.2 
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Figure E3. Normalised whole rock major element oxides (wt. %) plotted against SiO2. 
Data from other studies from (Kellett, 1991; Stewart et al., 1996; Price et al., 1999; 
Platz, 2007; Turner, 2008; Zernack, 2008). 
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APPENDIX F. SAMPLE PHOTOGRAPHS CATALOGUE 
 
Table F1: GRASBERG Hand sample and/or thin section photos of most of the samples 
collected for this study. Scale in hand sample photos shows 1 cm increments. Scale at 
top left of thin section photos is 5 mm. 
Sample Hand sample photos and thin section scans 
Gras 01  
Gras 02 
 
Gras 03 
 
Gras 04 
 
Gras 06 
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Sample Hand sample photos and thin section scans 
Gras 08 
 
Gras 09 
 
Gras 11 
 
Gras 12 
 
Gras 14 
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Sample Hand sample photos and thin section scans 
Gras 15 
 
Gras 17 
 
Gras 18 
 
Gras 19 
 
Gras 24 
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Sample Hand sample photos and thin section scans 
EBG1c 
 
 
EBG2b 
 
EBG3a 
 
 
EBG3b 
 
 
EBG3c 
 
 
EBG3d 
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Sample Hand sample photos and thin section scans 
EBG3e 
 
 
EBG4a 
 
 
EBG4b-iii 
 
 
EBG4b-v 
 
EBG4c 
 
 
EKL1 
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Sample Hand sample photos and thin section scans 
LKL1 
 
KRM 
 
 
SWG 
 
 
WNG1 
 
 
WNG2 
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Table F2: TARANAKI Hand sample and thin section photos of samples collected for 
this study. Scale in hand sample photos shows 1 cm increments. Scale at top left of thin 
section photos is 5 mm. 
Sample Hand sample photo Thin section scan 
TNK01 
 
 
TNK02 
 
 
TNK03 
 
 
TNK04 
 
 
TNK05 
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Sample Hand sample photo Thin section scan 
TNK06 
 
 
TNK07 
 
 
TNK08 
 
 
TNK09 
 
 
TNK10 
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Sample Hand sample photo Thin section scan 
TNK11 
 
 
TNK12 
 
 
TNK13 
 
 
TNK14  
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Sample Hand sample photo Thin section scan 
TNK15 
 
 
TNK16 
 
 
TNK17 
 
 
 
